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ABSTRACT
CELLULAR AND MOLECULAR ASPECTS OF LIMB REGENERATION IN
URODELE AMPHIBIANS

Name: Washabaugh, Charles Henry
University of Dayton, 1994
Advisor: Dr. Panagiotis A. Tsonis
The newt, Notophthalmus viridescens, and the Mexican axolotl, Amblystoma
mexicanum, are examples of urodeles which have the unique ability to regenerate

appendages as adults. Vitamin A metabolites (retinoids) have been shown to have
an adverse effect upon the regeneration process by inducing abnormalities, inhibitions
or proximalizations of the regenerate. Vitamin D is related to the retinoids via the
molecular mechanism by which it elicits effects (the nuclear receptor). The results
of the first study suggest that there is an effect by vitamin D metabolites on axolotl
limb regeneration and chick limb development. The data also reports that synergistic
effects exist between the vitamin D metabolites and retinoid hormones tested to elicit
proximalization of the axolotl limb.

These data implicate interactions at the

molecular level between the nuclear receptors. Molecular cloning and expression
analysis of the chicken vitamin D receptor was also performed. The last two studies
deal with the culturing of newt regeneration blastema and newt limb ceUs. An in vitro
culturing system for amphibian cells was established. The blastema cell population
has been shown to be composed of four different cell types, all of which may play a
role in the regeneration process. The data indicate that two of the cell types are not
produced from dedifferentiation but are of hematopoietic origin.

The ability to

readily obtain newt limb cells facilitated the establishment of two transformed cell
lines via introduction of an oncogene, the SV40 large T-antigen.

Oncogene-

transfected cell lines express the large T-antigen and display the characteristic
transformed phenotype. The cell lines were tested for the ability to participate in the
regeneration process by implanting the cells back into a regenerating newt limb. Reimplantation resulted in the participation by the cells in the regeneration process.
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CHAPTER I
REVIEW OF LITERATURE

I. In vivo Aspects of Limb Regeneration

Spallanzani (1769) first reported that salamanders regenerate lost appendages,
including limbs. Since the time of Spallanzani, many researchers have set out on a
quest to determine the mechanical nature of the regenerative process. The urodele
(tailed) amphibians such as the newt (Notophthalmus viridescens) and the axolotl
(Amblystoma mexicanum) are examples of vertebrates which are able to undergo
regeneration as adults. These animals can regenerate the limbs (fore and hind), the
tail and the lens of the eye (except the axolotl which cannot regenerate the lens).
Most of the initial research in the field of regeneration dealt with the regenerative
ability of almost all salamanders. Studies by Nicholas (1955) show that regeneration
capacitance is unlimited in newts and other salamanders such that they will
regenerate any time when amputated at any level. Complete staging systems for the
limb regeneration process in various urodele amphibians were determined to yield
a more defined analysis of the stages comprising the process in Notophthalmus
viridescens (Singer, 1952; lten and Bryant, 1973), Amblystoma maculatum (Stocum,
1979), Taricha granulosa (Washabaugh and Tsonis, 1992) and adult and larval
axolotls, Amblystoma mexicanum (Tank et al, 1976; Scadding, 1990). Other studies
determined that limb regeneration has limitations such as size and age of the animal
(Pritchett and Dent, 1972; Scadding, 1977). Scadding (1977) has compiled a thorough
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listing of amphibians and their ability to regenerate appendages.

Regardless of

whether or not a particular animal can regenerate lost appendages, there is still a
commonality in the process which seems to be conserved (with slight modifications)
throughout most amphibians. When the newt limb, for example, is amputated at any
level on the proximal-distal axis (shoulder to the finger tip), there is a rapid migration
of nearby epidermal cells to the newly exposed site. These epidermal cells aid in
covering the wound and have been found to be essential for regeneration since
removal of the wound epithelium results in inhibition of regeneration (Thornton,
1957). Beneath this wound epithelium already terminally differentiated tissues such
as muscle, cartilage and other mesodermal tissues dedifferentiate to form a mass of
cells (Tsonis, 1991b ). These cells, termed blastema cells, will then proliferate under
the direction of the peripheral nervous system to form a population of different cells.
These cells will continue to grow until specific signals cause these cells to redifferentiate into the terminally differentiated cell types necessary to reproduce the
missing appendage.
The forelimb of the newt is innervated by three spinal nerves, which merge at
the level of the brachia} plexus and then divide before entering the limb, and are all
necessary for regeneration (Singer, 1952; 1974). The denervation of the limb (by
mechanically severing these spinal nerves at the shoulder level) results in an inhibition
of regeneration. After nerve-dependent proliferation, the blastema cells enter a stage
in which they begin to differentiate into tissue specific cells.
The blastema cell population is specified by its tissue of origin. For example,
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if a blastema from a regenerating forelimb was transplanted to a regenerating tail
stump, the limb blastema will exhibit morphogenetic autonomy and thus regenerate
a forelimb. This is a stage dependent process such that early blastemata transplanted
to a tail stump will form tail, whereas if a late stage blastema is transplanted to the
tail a limb wil1 form (for review, see Stocum, 1984). Another example of this type
would be the use of the proximal-distal axis in the forelimb. When a newt forelimb
is amputated at the shoulder level (proximal), the resultant blastema reproduces an
entire limb. Similarly, if the amputation occurs distally at the wrist, the blastema will
reconstruct only the hand. This evidence suggests that the blastema acquires the
necessary information from the stump tissue of its level of origin on the proximaldistal axis (Reviewed by Stocum, 1984; and Brockes, 1989).

Regardless of the

amputation plane, either proximal or distal in nature, the regeneration process
proceeds at the same rate (Goss, 1969; Iten and Bryant, 1973).
There are many compounds which have adverse effects upon the limb
regeneration process.

One example of a family of compounds is the retinoids.

Retinoid hormones are analogs of vitamin A (retinal) which have modified terminal
groups many of which possess the biological activity of vitamin A. Retinal is stored
and released by the liver and is delivered to the target tissues through circulation
(Brockes, 1984; Chytil and Ong, 1984; Blumhoff et al, 1990; Ong, 1994). When in the
tissues, retinol is converted to retinoic acid via an aldehyde intermediate. Various
analogs of retinoic acid have been shown to affect limb morphogenesis in an adverse
way. Many of the retinoids (such as all-trans, 9-cis and 3,4-didehydroretinoic acid)
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have been shown to have duplication effects on the developing chick limb (Tickle et
al, 1982; Thaller and Eichele, 1990; Thaller et al, 1993; Tsonis et al, 1994) as well as
the regenerating amphibian limbs (Maden, 1982; Maden, 1983a,b; Kim and Stocum,
1986a,b; Washabaugh and Tsonis, 1992; Tsonis et al, 1994). In the developing chick
limb bud, the antero-posterior axis is affected (Thaller and Eichele, 1987) while the
proximo-distal axis (Niazi and Saxena, 1978; Maden, 1982), the dorsoventral axis
(Ludolph, et al 1990) and the antero-posterior axis (Kim and Stocum, 1986a) are
affected in the regenerating amphibian limb. In the developing chick limb bud, the
removal of a portion of the polarizing region from the posterior margin of the limb
(Zone of Polarizing Activity; ZPA) and subsequent transplantation to the anterior
margin of a host limb results in formation of duplicated digits ( 432234) along the
antero-posterior axis (Tickle et al, 1982). Local application of an all-trans retinoic
acid soaked bead in the anterior margin mimics the effect of ZPA transplantation.
These observations, by Tickle et al, (1982), led to the hypothesis that retinoic acid
had morphogenetic activity and may therefore be a potential endogenous morphogen.
However, in a dose-dependent fashion, 9-cis RA has been shown to be more potent
than all-trans RA in evoking the duplication response (Thaller et al, 1993; Tsonis et
al, 1994). Another grafting experiment using neural cells (floor plate) grafted to the
anterior margin has also induced the duplication along the antero-posterior axis of
the chick limb bud since these cells were found to synthesize retinoids (Wagner et al,
1990). Hayamizu and Bryant (1992) have shown that, in vitro, anterior margin chick
limb bud mesenchymal cells can be converted to cells with posterior (ZPA) identity.
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Regardless of the retinoid, it is obvious that the various derivatives are essential for
normal embryonic development.
The most interesting effect of retinoic acid on urodele limb regeneration is its
ability to proximalize the regenerate.

Maden (1982) studied this effect on the

regenerating limb in axolotls, and determined that of all the metabolites tested, alltrans retinoic acid had the most extreme effects on the regeneration process. The
administration of RA in the regenerating limb (whether local or systemic delivery)
results in a change in the positional information originally acquired by the blastema
cells. These cells now behave differently and differentiate to form more proximal
structures of the limb. For example, the amputation of a limb at the wrist level with
subsequent administration of RA results in the regeneration of an entire limb
beginning at the level of amputation. This proximalization of the regenerate using
retinoids has been shown to be dose dependent (Thoms and Stocum, 1984; Kim and
Stocum, l986a,b). Comparing the ability of each retinoid metabolite to proximalize
the amputated limb, 9-cis retinoic acid has been shown to be more potent than all-

trans RA in limb regeneration such that small locally delivered doses elicits
proximalization (Tsonis et al, 1994 ).
The mechanism of action of retinoic acid is receptor-mediated and similar to
the steroid hormones (Evans, 1988; Giguere et al, 1987; Petkovich et al, 1987). Upon
administration, retinoic acid is first hound by the cellular retinoic acid binding protein
(CRABP), the cytoplasmic receptor (Keeble and Maden, 1986; Ong, 1994), and

subsequently binds to the nuclear receptor, the retinoic acid receptor (RAR) (Evans,
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1988). This nuclear RAR is known to be a member of the steroid hormone receptor
gene family (Evans, 1988; for review of the RAR's see Mangelsdorf, 1994). In the
developing chick limb bud, the gradient of retinoic acid is higher in the posterior and
lower in the anterior region. The cellular retinoic acid binding protein, CRABP, was
found to have an inverse spatial localization with respect to the CRABP, with higher
expression in the anterior region than in the posterior (Maden et al, 1988). Giguere,
et al (1989) have cloned and studied the expression of a retinoic acid receptor (RAR)
in the regenerating newt blastema where no apparent gradient form of distribution
was observed.

Ragsdale et al, (1989) have also identified a novel receptor for

retinoic acid (RARd), however, Hill et al (1993) have shown that this novel receptor
has two isoforms and that the RARO l has been shown to be the major retinoic acid
receptor expressed in the normal newt limb and limb blastema.
Vitamin D is a seco-steroid hormone ( a steroid that has one broken ring in
its structure) that has an important role in calcium and phosphorous metabolism. It
is fat soluble and a requirement for the normal development of bones and teeth
(Evans, 1988). Successive hydroxylations in the liver and then the kidney convert the
vitamin D into its metabolites. The hydroxylation in the liver adds a hydroxyl group
to the 25 th position and the kidney adds another hydroxyl group to either the 1st or
24 th position. The results of these hydroxylations is the formation of two metabolites
under consideration. 1,25(0H)2D 3, the most active metabolite formed, is principally
involved in calcium and phosphorous metabolism.

The other metabolite,

24,25(0H) 2D 3 is a much less biologically active metabolite whose biological
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significance is questionable (Rigby, 1988). It is known that a deficiency in vitamin D 3
causes rickets in vertebrates (Hughes et al, 1988). l,25(OH) 2 D3 is known to have
a regulatory effect on genes and/or gene products. This effect may be either up
regulation or down regulation.

The list of genes involved is quite extensive

(Minghetti and Norman, 1988). It has been shown that l,25(OH) 2 D 3 up regulates
its own receptor in mouse fibroblasts in vitro and rat intestine in vivo (Strom et al,
1989). 1,25(OH)2 D3 has been shown to act as a proliferation-differentiation switch.
It has been shown to induce myeloid leukemia cells to differentiate into macrophages

(Miyaura et al, 1981), induce the differentiation of mouse (Ml-60) and human (HL60) myeloid leukemia cells (Minghetti and Norman, 1988), and induce chondrogenesis
of the embryonic limb bud mesenchymal cells (Tsonis, 1991a ). The biological actions
of 1,25(OH)2 D 3 are mediated through its nuclear hormone receptor, VDR. This
steroid receptor is very similar to the thyroid hormone receptor (McDonnell et al,
1988) to retinoic acid receptors (RAR's) and the retinoid X receptors (RXR's)
(Laudet and Stehelin, 1992).
The RAR's, RXR's, VDR, and the thyroid hormone receptor (TR) all belong
to the same steroid hormone receptor superfamily (Beato, 1989). These receptors
are similar enough in structure and function to be classified together with extensive
regions of homology between them (Beato, 1989; McDonnell et al, 1988). While
these receptors form homodimers (with the exception of TR, which functions as
monomer) to exert their effects on gene transcription, RXR has been found to form
heterodimers with RAR, TR or VDR. Such a specific interaction might account for
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combined actions of different steroids. 1,25-dihydroxyvitamin D 3 and all-trans RA
have been shown to act synergistically in inducing U937 cell differentiation (Tanaka
et al, 1992) and also to inhibit T-47D human breast cancer cell proliferation (Koga
and Sutherland, 1991). Recently, it has been shown that 9-cis RA can itself stimulate
chondrogenesis of the limb bud mesenchymal cells, but in combination with
1,25(0H) 2D 3 antagonizes the stimulatory effect of 1,25(0H)2D 3 on chondrogenesis
in chick limb mesenchymal cells (Sargent and Tsonis, 1994 ). These actions of 9-cis
and 1,25 are possibly mediated by the choice of VDR-RXR or RXR-RXR formation.
This ability of retinoids to interact with vitamin D and affect limb chondrogenesis
lead us to question the possibility that 1,25(0H) 2D 3 might affect limb morphogenesis
in vivo as well.

II. In vitro aspects of limb regeneration

The development of an in vitro culture system for newt tissues has been of
great concern for many years.

When the newt limb is amputated along the

proximal/distal axis the wound is covered by migrating epidermal cells. Beneath this
wound epithelium, the terminally differentiated stump tissues begin to dedifferentiate
to form a population of diverse cell types. Researchers have identified a quartet of
cells which make up the regeneration blastema population. These cell types are: 1)
pleiomorphic (Fimian, 1959; Jabaily et al, 1982; Ferretti and Brockes, 1988); (2)
bipolar (Ferretti and Brockes, 1988); 3) large multinucleate (Fimian, 1959); and 4)
signet (Maier and Miller, 1992). The task of culturing these cells in vitro has been
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tested with various methods for dissociation of the mass of cells into individuals or
by explant cultures where intact blastemata are attached directly to culture dishes.
Regardless of the preparation of the cells, the development of a medium formulation
for the maintenance of these cells is by far the most critical parameter.
Studies by Fimian (1959) demonstrate that a simple balanced salt solution
supplemented with glucose is adequate to support growth as seen by the mitotic
index, however no cell differentiation was observed.

Jabaily et al, (1982) have

reported a technique employing mechanical dissociation of blastema cells. The cells
released in this manner were found to proliferate and some of them differentiated
to form myotubes in vitro. Jabaily et al, (1982) used a 59% Leibovitz-15 medium,
whereas Carlone and Foret (1979) used 90% Leibovitz-15 medium. Liversage and
Globus (1977) have reported excellent growth using CMRL 1415 medium. These
initial studies indicate that the medium formulation required to culture newt cells was
very complex. Ferretti and Brockes (1988) utilized a precise mixture of 60% minimal
essential medium with Eagle's balanced salt solution and up to 10% fetal calf serum
to keep the osmolarity at approximately 225 ±5 mOsm. This formulation supported
the growth of many other cell types including heart, liver and other limb cell types
in addition to the blastema cells.
Another aspect to be considered was the effect of the culture substratum on
the growth of the cells. Culture dishes were coated with a variety of substrates such
as collagen, fibronectin, or gelatin (Hinterberger and Cameron, 1983; Ferretti and
Brockes, 1988; Maier and Miller, 1992; Washabaugh and Tsonis, unpublished). A
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majority of the newt cell types (from different tissues) require a substratum, such as
collagen, or they will not attach to uncoated culture dishes (Ferretti and Brockes,
1988). This culture substratum appears to be necessary for axolotl blastema cells
(Hinterberger and Cameron, 1983). Other conditions necessary for a successful
culture include a pC02 concentration of 2% to a maximum of 5% and a temperature
range from 24°C to 27°C uniformly maintained by all the investigators since these
values are approximately those of physiological levels observed within amphibian
blood. The amount of sodium bicarbonate in the medium was designed to maintain
a pH of 7.2 to 7.4. Some other standard features of the medium included antibiotics
such as amino acid supplements (L-glutamine ), penicillin/streptomycin, kanamycin
and antifungal agents such as fungizone.

Unlike mammalian culture, amphibian

cultures require high antibiotic concentrations since contamination is frequent and
costly.
Success in the development of the correct culturing medium formulation for
their system has enabled many researchers to explore the in vitro amphibian culturing
system. However the culture of these amphibian cells for extended periods presents
numerous problems. Therefore many researchers have focused on the short term
cultures of blastemata to study the effects of growth factors or hormones on cell
division and protein synthesis (Globus and Vethamany-Globus, 1977; Choo et al,
1978; Vethamany-Globus et al, 1978; Carlone and Foret, 1979; Mescher and Loh,
1981; Brockes and Kintner, 1986). However, studies on the use of in vitro cultures
to examine the limb regeneration process are limited.
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Studies by Ferretti and Brockes (1988) include the use of a newt limb cell line
derived from hindlimb muscle explants. Brockes (1992), using these same muscle
cells, has shown that using a reporter gene that was introduced into primary newt
muscle cell lines and then transplanted back into the regeneration blastema not only
is feasible, but the early blastema can express the reporter gene. This was also shown
by Lo et al, (1993) where expression of foreign genes was observed for almost 8
weeks post implantation. Lourenssen and Carlone (1993) have also shown similar
results using a direct injection of naked plasmid DNA complexed with a liposome
mediated transfer agent (lipofectin) into the regeneration blastema in vivo. Such a
technique circumvents the necessity of removing the blastema and culturing the cells

in vitro and then re-implanting the genetically altered cells back into the limb.
Lourenssen and Carlone (1993) reported transfection efficiencies of 50% around the
direct injection site. On the contrary, Brockes (1992) and Lo et al (1993) have not
observed a high percentage of positive cells (10-15% ). Pecorino et al, (1994) have
also utilized a biolistic particle gun (for review of biolistic transfections see Pecorino
and Lo, 1992) to aid in the transfection of the cells in vivo or in vitro. However, Lo
et al (1993) have shown that direct micro-injection of a tracer dye into differentiated
myotubes in culture and subsequent re-implantation of these myotubes into the
regeneration blastema results in the formation of cartilage cells which are positive for
the dye. This study indicates that metaplasia has occurred where the dedifferentiating
myotube has produced cell progeny which have subsequently re-differentiated into
cartilage tissue and may shed light as to the role of the limb muscles of the
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regenerate stump during the formation of the blastema cells.
Regardless of the aspect of the limb regeneration system, in vivo or in vitro,
there are still many unanswered questions.

First, the ability of the retinoids to

proximalize the regenerating limb is of major interest due to the molecular
mechanism utilized. Similarly, other related compounds may or may not have this
same adverse effect. Therefore, studies such as the first portion of this dissertation
have been designed to answer such questions about the molecular interactions
between the nuclear receptors of the vitamin Nvitamin D metabolites.
Secondly, there is data from recent work on the development of in vitro
culture systems which can be manipulated to study the cellular mechanisms of the
process of regeneration which pose many questions. Where do the blastema cells
arise from? Dedifferentiation? Hematopoietic stem cells? More importantly, many
researchers previously mentioned have employed the use of transfection of cells with
reporter gene constructs. What happens to these plasmids? Can they integrate into
the newt genome?

Does the behavior of the newt cells become altered after

transfection? Can these cells be immortalized? Finally, can these cells be utilized
as efficient tools for studying gene regulation during regeneration. This may be by
mis-expression or over-expression of a particular gene during the regeneration
process due to a particular treatment.
examined in this dissertation.

Answers to questions such as these are

The cellular and molecular aspects of the limb

regeneration process are of extreme importance to answer these and other questions.
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ABSTRACT
Vitamin D, a seco-steroid hormone, is known to be essential for normal
metabolism of phosphorus and calcium and differentiation of skeletal elements. 1,25
dihydroxyvitamin-D3, the biologically active metabolite has been shown to act as an
induction/proliferation switch in various cell types and to promote chondrogenesis of
the chick limb bud mesenchymal cells.

The function of vitamin D is mediated

through its nucJear receptor, the vitamin D receptor (VDR). Such actions on the
limb bud cells are similar to the ones produced by retinoid hormones, such as all-

trans retinoic acid (RA) or 9-cis retinoic acid (9-cis), compounds that have been
shown to be of extreme importance in limb development and regeneration. In order
to examine possible roles of vitamin D metabolites on limb morphogenesis, the
effects of 1,25(0H) 2-D3, 24,25(0H)z-D3 and KH1060 (a more potent metabolite)
were studied alone or in conjunction with all-trans retinoic acid or 9-cis retinoic acid
on the regenerating axolotl limb and the developing chicken limb. Molecular cloning
of the chicken VDR expressed in the developing limb bud was also performed. Our
results show that vitamin D affects limb morphogenesis by inducing abnormalities in
skeletal elements. These effects might be mediated via the VDR which was found
to be present in the mesenchymal cells at the stage of the administration.
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INTRODUCTION

Retinoid hormones have been shown to alter the positional cues for limb
development or regeneration. In the developing chick limb bud, the antero-posterior
axis is affected (Thaller and Eichele, 1987) while the proximo-distal axis (Niazi and
Saxena, 1978; Maden, 1982), the dorsoventral axis (Ludolph et al, 1990) and the
anteroposterior axis (Kim and Stocum, 1986) are affected in the regenerating
amphibian limb. In the developing chick limb bud, the removal of a portion of the
polarizing region (ZPA) from the posterior margin of the limb and subsequent
transplantation to the anterior margin of the limb results in formation of duplicated
digits along the antero-posterior axis.

When all-trans, 9-cis RA or 3,4

didehydroretinoic acid is topically applied to the anterior margin, the same pattern
of antero-posterior duplication occurs (Tickle et al, 1982; Thaller and Eichele, 1990).
However, in a dose-dependent fashion, 9-cis RA has been shown to be more potent
than all-trans RA in evoking such a response (Thaller et al, 1993; Tsonis et al, 1994).
Maden (1982) first studied the effect of various retinoids on the regenerating
limb in axolotls, and determined that of all the retinoids, all-trans retinoic acid (RA)
had the most extreme effect on the regeneration process. When a limb is amputated
anywhere along the proximal-distal axis of the fore or hindlimbs, the result is the
regrowth of the missing portion of the appendage. After amputation, the wound is
covered by a epithelial layer. Beneath this wound epithelium, the intact tissues begin
to dedifferentiate to form a mass of pluripotent blastema cells. These cells will then
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proliferate and subsequently differentiate to reform the missing elements of the
appendage. The administration of RA in the regenerating limb (whether local or
systemic delivery) results in a change in the positional information originally acquired
by the blastemal cells. These cells now behave differently and differentiate to form
more proximal structures of the limb. Therefore, the amputation of a limb at the
wrist level with subsequent administration of RA results in the regeneration of an
entire limb beginning at the level of amputation.

With respect to the ability to

proximalize the amputated limb, 9-cis retinoic acid has been shown to be more potent
than all-trans RA in limb regeneration such that small locally delivered doses elicits
proximalization (Tsonis et al, ] 994).
Vitamin D, a seco-steroid hormone, has been shown to play an important role
in calcium and phosphorous metabolism where l,25(OH) 2D 3, the active metabolite,
is principally involved.

1,25(OH)2 D 3 has been shown to act as a proliferation-

differentiation switch.

It has been shown to induce myeloid leukemia cells to

differentiate into macrophages (Miyaura et al, 1981), induce the differentiation of
mouse (Ml-60) and human (HL-60) myeloid leukemia cells (Minghetti and Norman,
1988), and induce chondrogenesis of the embryonic chick limb bud mesenchymal cells
(Tsonis, 1991). A deficiency in vitamin D causes rickets in vertebrates (Hughes et
al, 1988). The biological actions of 1,25(OH) 2 D 3 are mediated through its nuclear
hormone receptor, VDR. This steroid receptor is very similar to the thyroid hormone
receptor (McDonnell et al, 1988), to retinoic acid receptors (RAR's) and the retinoid

X receptors (RXR's) (Laudet and Stehelin, 1992).

22

The RAR's, RXR's, VDR, and the thyroid hormone receptor (TR) all belong
to the same steroid hormone receptor superfamily (Beato, 1989). These receptors
are similar enough in structure and function to be classified together, with extensive
regions of homology among them (Beato, 1989; McDonnell et al, 1988). While these
receptors form homodimers to exert their effects on gene transcription (with the
exception of TR, which functions as monomer), RXR has been found to form
heterodimers with RAR, TR or VDR. Such a specific interaction might account for
combined actions of different steroids. 1,25-dihydroxyvitamin D 3 and all-trans RA
have been shown to act synergistically in inducing U937 cell differentiation (Tanaka
et al, 1992) and also to inhibit T-47D human breast cancer cell proliferation (Koga
and Sutherland, 1991 ). Recently, it has been shown that 9-cis RA can itself stimulate
chondrogenesis of the limb bud mesenchymal cells, but in combination with
l,25(0H) 2D 3, antagonizes the stimulatory effect of l,25(0H) 2D 3 on chondrogenesis
in chick limb mesenchymal cells (Sargent and Tsonis, 1994). These actions of 9-cis
and 1,25 are possibly mediated by the choice of VDR-RXR or RXR-RXR formation.
This ability of retinoids to interact with vitamin D and affect limb chondrogenesis
lead us to question whether 1,25(0H)2D 3 might affect limb morphogenesis in vivo as
well. This study was designed to answer this question. Since the two favorite systems
for limb morphogenesis studies are the developing chick limb and the amphibian
regenerating limb, the effects of vitamin D metabolites were examined in both the
chicken and amphibian. The vitamin D metabolites were administered alone or in
combination with retinoids.
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MATERIALS AND METHODS
Animals

Larva] axolotls (Ambystoma mexicanum) 2-3 cm, 1-2 grams, were obtained
from Indiana University Axolotl colony (Bloomington, IN) and were maintained in
a 20% modified Holtfreter's solution at 25°C.

Axolotls were isolated and were

anaesthetized in a 0.1 % 3-aminobenzoic acid ethylester (Sigma, St. Louis) with
subsequent distal amputation of the fore and hindlimbs. A stock solution of all-trans
retinoic acid (Sigma, type XX) was prepared at 50 mg/ml in dimethylsulfoxide
(DMSO, Sigma).

1,25(OH)2D 3 and 24,25(OH) 2D 3 (a generous gift from Dr. M.

Uskokovich, Hoffman-La Roche) were dissolved in 95% ethanol. 9-cis retinoic acid
(a generous gift from Dr. A.A. Levine, Hoffman-La Roche) was dissolved in DMSO
at 25 mg/ml. KH1060 (0.4M), a more-potent vitamin D analog, was dissolved in
isopropanol (a generous gift from Dr. L. Binderup, Leo Pharmaceuticals).
Experimental groups were set up as depicted in Tables 2 and 3. Initially, the vitamin
D metabolites were administered via intraperitoneal injection (i.p.), however, due to
the extreme cost of the metabolites we decided to switch to administration via AG lX2 beads (formate form, Bio-Rad; at least 7 per limb).

All retinoids were

administered via i.p. injection. All treatments occurred at 4-5 days post-amputation.
After the animals were completely regenerated, the limbs were removed, fixed,
stained with Victoria Blue B and observed.
Fertile chick eggs were obtained from Frank Conway Hatcheries (Indiana) and
were implanted with AG1-X2 beads soaked with vitamin D metabolites in the
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anterior margin of stage 21 limb buds as previously described (Eichele et al, 1984;
Tickle et al, 1985). Eight days post-implantation, the implanted limbs along with
their contralateral counterpart were analyzed by Victoria Blue B staining or sectioned
for histological analysis (limbs taken 1-2 days post-implantation).

Release of 1,25(0H)zD 3 by AG1-X2 beads

Tritiated la,25(0H) 20 3-[26,27- 3H), was purchased from NEN-Dupont and was
allowed to absorb into AG1-X2 beads (formate form, Bio-Rad) overnight at -20"C.
Following the incubation, the solution of vitamin D was collected and the beads were
washed with phosphate buffered saline (lXPBS). The beads were then incubated
with either lXPBS or medium containing complete 10% fetal calf serum (FCS).
Samples were taken in triplicate over a eight hour period in which the radioactivity
(cpm) released from and retained by the beads was counted by separating the beads
from the solution and determining the cpm in each portion. This release was also
studied in vivo where beads containing the tritiated vitamin D were implanted into
axolotl limbs and after which the beads were removed and counted as previous at
various intervals over an eight hour period.

RT-PCR of the Chicken and Axolotl VDR

Axolotl intestine tissue was removed and cultured in the presence of
l,25(0H) 2D 3 for 24 hours. Similarly, 4 day chick limb bud mesenchymal cells were
removed and cultured for 2 days in the presence of 1,25(0H) 20 3 at 1Q-8M (Tsonis,
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1991). RNA was isolated from all cultures using standard protocols (Sambrook et al,
1990). First strand cDNA was generated using a superscript pre-amplification kit
(Gibco-BRL) according to the manufacturers directions.

Amplification and

expression of the VDR was accomplished using the following primer set made from
sense 5'acctgcgagggctgcaag3' and

chicken intestine VDR sequences:

antisense

5

'acgcttctgcacctc3'. Similar attempts were made using a primer set designed from

the
5

human

VDR

cDNA

sequences

(Baker

't g a cat ct a gag gag a c tt t g a cc g g a a c gt g cc c c 3 '

5

'gcgacggaattcgatcatctcccgcttcctctgcac3'.

and

et

al,

1988)

antisense

PCR conditions were as follows:

Initial

denaturation at 95°C for 30 seconds, annealing at 45°C, and extension at 72°C for 40
cycles. PCR products were visualized in ethidium bromide stained 3% agarose gels.
Direct ligation of the PCR products was done using a T-overhang vector (Invitrogen,
Inc.) as per the manufacturers directions. Recombinant plasmids were sequenced
using Sequenase (USB) or fmol sequencing system (Promega) according to the
manufacturers directions.

Sequence analysis was performed using the Genepro

sequence analysis program (Riverside Scientific Enterprises) and compared to the
Genbank database.

Cloning of the Chicken Intestine VDR

Isolation of the chicken intestinal VDR was accomplished by screening two
,lgtl 1 expression libraries as previously reported (McDonnell et al, 1987).
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RESULTS

Release of 1.25(OH)2D 3 by AG1-X2 Beads
To ensure that the metabolites were properly released from the AG l-X2
beads, the beads were either implanted (in vivo) or assayed in vitro for delivery using
tritiated vitamin D. These AG1-X2 beads (formate form) have already been shown
to readily release all-trans RA and 9-cis RA in vivo (Eichele et al, 1984; Thaller et
al, 1993). As seen in Figure lA, AG 1-X2 beads absorb and subsequently release
42% of the vitamin D in the first hour when incubated with complete medium (10%
FCS), while only 5% is released when incubated with lXPBS (Figure lA). By eight
hours incubation, almost 80% was released and only 10% was released into the
lXPBS (not shown). In vivo studies on the release of vitamin D followed a similar
trend with an initial release of 57% at 1 hour and subsequently 94% after 8 hours
(Figure lB). These results indicate that the AG 1-X2 beads efficiently deliver vitamin
D metabolites.

Effects of vitamin D metabolites on the morphogenesis of the regenerating limbs
The first apparent observation was that the treatment with 1,25(OH) 2D 3,
24,25(OH) 2D 3, or KH1060 (a metabolite which has been shown to be up to 14,000
times more potent than 1,25(OH)2D 3 in inhibiting proliferation of various cell types;
see Binderup, et al 1991) caused a prolonged retardation in the various stages of limb
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regeneration as well as the overall process. The delay in the regeneration process is
depicted in Table 1. The control animals regenerated in 24 days while all other
treatments resulted in at least 1-2 week delay. This delay is also a characteristic
effect of RA administration.
The results of the effects of vitamin D metabolites on axolotl larvae are
presented in Tables 2 and 3 (injections and bead implantations, respectively). These
results show that vitamin D metabolites affected limb regeneration by inducing
abnormalities. Abnormalities were observed with either bead implantation in the
blastema or by intraperitoneal injection (summarized in Tables 2 and 3; Figure 2).
An abnormal limb is classified according to the following criteria: A fusion, deletion,

or production of irregular structures in at least two or more of the regenerated parts.
The combined treatment was designed to examine possible synergistic effects between
retinoic acid and vitamin D. For this, a dose of all-trans RA or 9-cis RA that does
not proximalize or affect regeneration was combined with a full dose of vitamin D
(equal to a full dose of RA for proximalization). The majority of the animals which
received a co-administration of 1,25(0H)2D 3 + ½ all-trans RA or ¼ 9-cis RA
displayed a rate of abnormalities similar to that of vitamin D alone. Figure 2C
depicts the stunted regeneration of the limb where only a few of the carpals are
present in the regenerate. As seen in Figure 2D there is a loss of digit 1. However,
in a few cases from the animals injected with 1,25(0H)2D 3 + ½RA or 24,25(0H) 2D 3

+ ½RA it was observed that regeneration was inhibited or proximalized (Tables 2 and
3; Figure 2B-C), alluding to possible synergistic effects.
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Although only a few

proximalizations were observed using vitamin D/vitamin A combinations, our studies
show that there was an apparent interaction between 9-cis and all-trans RA when
delivered together at doses which alone do not elicit proximalization, such that
proximalization occurred. As seen in Table 2, the administration of both all-trans RA
(50µg/g-body weight) and 9-cis RA (25µg/g-body weight) in combination yields a
much greater percentage of proximalized limbs as compared to normal doses which
result in proximalization. 9-cis RA (lO0µg/g-body weight) and all-trans RA had 37. 7%
and 53.8% proximalized limbs, respectively, whereas a combination of lower doses
yielded 86.8% of the limbs proximalized (Table 2).

Effects of vitamin D on chick limb morphogenesis
All of the chick limbs examined displayed no duplication along the

anterior/posterior axis such that there were no extra digits present (Table 4). Only
one case out of 11 (9%) implanted with the vitamin D metabolite KH1060 displayed
the loss of a short bone (ulna) and of all digits (Figure 38). In the l,25(OH) 2D 3
cases, there were no gross deletions of structures observed in any of the 16 cases.

Molecular Cloning of the VDR
The apparent effects of vitamin D on limb morphogenesis prompted us to
examine the presence of VDR molecules in the limbs. The cDNA sequence of the
DNA binding domain of the avian VDR cloned from the limb bud (clVDR; 195 bp)
is shown in Figure 4B where it is compared to the cVDR cloned from intestine
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(Figure 4A). Comparison of the two sequences shows that the VDR portion cloned
from the deve]oping 1imb bud is identical to the intestinal cVDR at both the DNA
and amino acid levels. Expression of the clVDR was examined using RT-PCR from
4-day chick limb bud mesenchymal cell RNA (Figure 5, lane 3) where the 195 bp
band is apparent.

Attempts to clone the axolotl homolog of the VDR were

unsuccessful using either primer set designed.

DISCUSSION

Vitamin D and limb regeneration
Our data indicate that vitamin D has an effect upon the regenerating axolotl
limb. The effect of vitamin D on the regeneration of a limb appears to mimic or
parallel that of retinoic acid with the exception of proximalization of the distal
blastema which was not observed by vitamin D treatment alone. Synergism between
vitamin D and retinoic acid may exist.

This is supported by the effects of

l,25(0H) 2D 3 + ½ all-trans RA and 24,25(0H) 2D 3 + ½ all-trans RA (Table 2).
Retinoids administered alone at such concentrations (½RA or ¼9-cis) do not yield
proximalization (Tsonis et al, 1994). Therefore, in the few cases in which limb
proximalizations were observed when doses of RA or 9-cis were co-administered with
vitamin D, this might indicate synergistic effects. First, if this is true and synergism
to elicit proximalization exists, the low percentages might be explained because the
amount of vitamin Dis not the appropriate one (at least as compared to RA). The
nuclear interactions of these steroid receptors may be more complicated than initially
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expected. For example, in our case only the combined doses of the ½ all-trans RA
(50µg/g-body weight) with ¼ 9-cis RA (25µg/g-body weight) exhibited high
percentages of proximalization implicating an interaction between the nuclear RAR's
and RXR's in the regenerating limb. The conversion of RA to 9-cis or 9-cis to RA
in our system could not account for the proximalizations observed when both
compounds are co-administered. Even if a conversion occurs, the additive effects
would not reach the proximalizing doses for each compound. Moreover, this coadministration resulted in significantly higher instances of limb proximalizations
observed than when 9-cis or all-trans RA were administered at proximalizing doses
(lO0µg/g-body weight; Table 2). The metabolism of retinoids within amphibians is
unknown and administration of single retinoids such as 9-cis may result in the
conversion to all-trans RA or vice versa. This has already been shown to be the case
in the avian system where the conversion is evident but not significant (Thaller et al,
1993). The VDR has also been proposed to form heterodimers with both of these
receptor groups (Laudet and Stehelin, 1992), therefore, possible synergistic sets of
these receptors might mediate some of the effects seen in the present study.
Examples of such synergism can be seen in the case of co-administration of all-trans
RA and thyroxine (T4 ) during axolotl limb regeneration that potentiates the

proximalization response, thereby alluding to RAR-TR interactions (Vincinti and
Crawford, 1993). Similarly, the administration of both 1,25(OH)2D 3 and 9-cis RA or

all-trans RA has already been shown to have antagonistic effects upon the
proliferation or differentiation of certain cell types such as T-47D human breast
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cancer cells (Koga, and Sutherland, 1991) and chick limb mesenchymal cells in vitro
(Sargent and Tsonis, 1994).
Interestingly, the affinity of 24,25(OH) 2D 3 for VDR has been determined to
be about 2800 times lower than that of 1,25(OH) 2D 3, however, the data obtained in
the present study indicate that even low affinity interactions may promote
independent and/or synergistic effects (Yamato et al, 1993). 24,25(OH) 2D 3 has been
shown to inhibit the formation and function of osteoclast-like multinucleate cells from
hemopoietic progenitor cells under stimulation with 1,25(OH) 2D 3 or parathyroid
hormone (Yamato et al, 1993). Therefore, these data provide additional support for
a biological function of 24,25(OH) 2D 3•

Vitamin D and chick limb development
The results indicate that vitamin D metabolites do not elicit the same
morphogenetic effects on limb development, as observed with retinoid treatment.
There were no apparent duplications present out of the 27 limbs tested with vitamin

D metabolites (Table 4). In one case out of 11 in the KH1060 treated limbs, there
was an inhibitory effect on the development of distal limb structures. This is shown
in Figure 3E where all digits and the ulna are missing.

This pattern of limb

development is reminiscent of patterns obtained due to the removal of the posterior
margin of the limb bud (Hinchcliffe and Gumpel-Pinot, 1981). Since KH1060 is more
potent (Binderup, et al, 1991) this may imply that large amounts of 1,25(OH) 2D 3
might be required for in vivo chick studies. Furthermore, there was not a complete
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inhibition of limb development observed due to any treatment. In the in vitro system,
vitamin D has been shown to have a strong inductive effect upon chick mesenchymal
cell differentiation using either l,25(OH) 2D 3 or KH1060 where the latter is more
potent (Tsonis, 1991; Sargent and Tsonis, 1994). The VDR has been proposed as the
molecular mechanism through which the effects of vitamin D are mediated. Our
attempts to clone the VDR expressed in the developing chick limb bud resulted in
the isolation of the cDNA clone, clVDR, which is identical to the cVDR cloned from
chick intestine. Finally, we have shown that the clVDR is readily expressed in the
1,25(OH)2Drtreated, 4-day limb bud mesenchymal cells (Figure 5).
The overall results of this study indicate that vitamin D metabolites do indeed
have an effect upon limb morphogenesis. Since morphogenesis of the affected limbs
resembles the ones induced by retinoic acid isoforms, our results strongly suggest that
steroid receptor interactions at the molecular level that lead to limb patterning may
be more intricate than initially thought.
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Table 1. Delay in time for axolotl limb regeneration due to steroid hormone
treatment.

Treatment

Cone Stage
Blastema
(days)

Palette
Stage
(days)

2-Digit
(days)

•complete
Regeneration
(days)

Control

7

12

14

24

all-trans RA

12

20

28

43

9-cis RA

12

20

26

42

1,25

11

16

19

33

+ RA
1,25 + 9-cis

12

16

20

33

12

17

20

35

24,25

11

16

19

33

12

16

20

35

KH1060

11

16

19

30

+

12

18

21

36

1,25

24,25

KH1060

+ RA
9-cis RA

·An treatments displayed a significant delay in the

total time for regeneration when
compared to the control animals using the Mann-Whitney U test at p=0.05 except
for the Kl-11060 in which p=0.1
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Table 2. Effects of vitamin D injections on axolotl limb regeneration.

Total#
limbs

Proximalized

Abnormal

Inhibited

Normal

#(%)

#(%)

#(%)

#(%)

Total#
affected (%)

Control

39

0(0.0)

1(2.6)

0(0.0)

38(97.4)

1/39(2.6)

9-cis• (lOOµg)

146

55(37.7)

31(21.2)

55(37.7)

5(3.4)

141/146(96.6)

¼9-cis• (25µg)

61

0(0.0)

11(19.0)

0(0.0)

50(81.0)

11/61(19.0)

RA• (l00µg)

52

28(53.8)

13(25.0)

8(15.4)

3(5.8)

49/52(94.2)

½RA• (50µg)

64

0(0.0)

6(9.4)

0(0.0)

58(90.6)

6/64(9.4)

¼9-cis+ ½RA

68

59(86.8)

7(10.3)

0(0.0)

2(2.9)

66/68(97.1)

1,25

12

0(0.0)

8(75.0)

0(0.0)

4(25.0)

8/12(75.0)

1,25+ ¼9<is

41

0(0.0)

25(61.0)

0(0.0)

16(39.0)

25/41(61.0)

1,25+ ½RA

7

1(14.3)

1(14.3)

0(0.0)

5(71.4)

2/7(28.6)

24,25

13

0(0.0)

8(61.5)

0(0.0)

5(38.5)

8/13(61.5)

24,25 + ¼9-cis

49

0(0.0)

28(57.1)

3(6.1)

18(36.8)

31/49(63.2)

24,25+ ½RA

6

1(16. 7)

0(0.0)

2(33.3)

3(50.0)

3/6(50.0)

Treatment

•These categories were taken from Tsonis et al, 1994.
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Table 3. Effects of vitamin D on axolotl limb via local bead implantation.

Total#
limbs

Proximalized

Abnormal

Inhibited

Normal

#(%)

#(%)

#(%)

#(%)

Total#
affected (%)

Control
Bead

30

0(0.0)

0(0.0)

0(0.0)

30(100.0)

0/30(0.0)

1,25

84

0(0.0)

30(35.7)

0(0.0)

54(64.3)

30/84(35. 7)

1,25+
¼9-cis RA

20

0(0.0)

10(50.0)

0(0.0)

10(50.0)

10/20(50.0)

1,25+½RA

100

4(4.0)

37(37.0)

4(4.0)

55(55.0)

45/100( 45.0)

24,25

82

0(0.0)

24(29.3)

0(0.0)

58(70.7)

24/82(29.3)

24,25+½RA

23

0(0.0)

10(43.5)

0(0.0)

13(56.5)

10/23( 43.5)

KH1060

34

0(0.0)

8(23.5)

0(0.0)

26(76.5)

8/34(23.5)

KH1060+
¼9-cis

40

0(0.0)

13(32.5)

6(15.0)

21(52.5)

19/40( 47.5)

Treatment

40

Figure 1. Release of 3 H-1,25(0H)zD3 by AG1-X2 beads. (A) in vitro assay; Release
into phosphate buffered saline (PBS) and whole medium depicted by filled triangles
and filled circles, respectively. (B) in vivo release of 3H-1,25(0H)2D3- Note that in
vivo release surpasses the in vitro release overall. Samples were counted in either
triplicate (A) or quadruplicate (8). Error bars represent the Standard Error of
Means (S.E.M.) for each time period.
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Figure 2. Effects of vitamin D metabolites alone or in combination with various
(B)
retinoids on axolotl limb regeneration. (A) Control axolotl forelimb.
Proximalized forelimb from animal injected with combination of 1,25(0H) 2D 3 +
½RA Note the second ulna and radius. (C-F) Representative abnormal axolotl
limbs obtained with various treatments. (C) Inhibition of forelimb regeneration due
to injection of 24,25(0H)2D 3• (D) Axolotl forelimb regenerate obtained from
1,25(0H)2D 3 + ½RA combination injection. (E) Hindlimb regenerate following
administration of 1,25(0H)2D 3 via bead implantation. Note the apparent fusions in
the tarsal and metatarsal regions. (F) Forelimb regenerate obtained due to
24,25(0H) 2D 3 injection. Note the fusion of 2 digits and the truncation of digit 1.
Dotted line represents plane of amputation.
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Table 4. Effects of vitamin D metabolites on chick limb development.

Treatment

#

Duplications

Deletions

Normal

Limbs

#(%)

#(%)

#(%)

Total#
Affected

(%)
1,25 bead

16

0(0.0)

0(0.0)

16(100.0)

0/16(0.0)

Contralateral
Control limbs

16

0(0.0)

0(0.0)

16(100.0)

0/16(0.0)

KH1060 bead

11

0(0.0)

1(9.1)

10(90.9)

1/11 (9.1)

Contralateral
Control limbs

11

0(0.0)

0(0.0)

11(100.0)

0/11(0.0)

Control Beads

5

0(0.0)

0(0.0)

5(100.0)

0/5(0.0)

Contralateral
Control limbs

5

0(0.0)

0(0.0)

5(100.0)

0/5(0.0)
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Figure 3. Effects of KH1060 on chicken limb development. (A) Control contralateral
limb showing development of normal structures. (B) Resultant limb due to KH1060
(0.4M) soaked AG 1-X2 bead implantation into the anterior margin of a stage 21 limb
bud. Note the apparent loss of the ulna and all distal skeletal structures.
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B
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Figure 4. Sequence comparison between VDR isolated from chick intestine and limb
bud mesenchymal cells. (A) Chicken intestinal VDR (cVDR). (B) Chicken limb bud
VDR (clVDR). The clVDR was found to be 100% identical at both the DNA and
amino acid levels to the cVDR (underlined sequences). Double underlined regions
indicate sequences from which primers were designed.
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A

GAAT'l'CGGCAGAGCCCCACGAGCAGCACcrcGCAGCCACAC'l'GCAGGCA'l'CTCCATGTC'l'GAGC'l'CCACGGCTCC'l'GGGACGCACAGCAG
N S A E P H E Q H L A A T L Q A S P C L S S T A P G T H S S

90

CAGAGCATGGCGTACCTCCCCGACGCAGACATGGACACCGTGGC'l'GCCAGCACG'l"l'CCCTCCCCACCCGGCCGGCGACTTCGACCGCAA
R A WR T S P T Q T WT P WL P A R S L P D P A G D F D R N

180

CGTGCCCCGAATCTGCGGGGTCTGCGACAGAGCCACCGGCTTCCACTTCA!CGCCATGACCTGCGAGGGC'l'GCAAGGGCffl:TTCAG
VP R I C GVC GDR AT GF HF NAM T C E GC KGF F R

270

GAGAAGCATGAAGAGGAAAGCGA'l'G'l'TCACC'l'GTCCG'l'TCCGGGGAC'l'GCAAAATCACCAAGGACAACCGGCGGCACTGCCAGGCCTG
R S MK R K A MF T C P F N G D C K I T K D MR R H C O ! C

360

CCGGCTG!!GCGCTGCGTGGACA'l'TGGG!TGA'l'G!!GGAGTTCA'l'CCTG!CGGACGAGGAGGTGC!GAGGAAGCGTGAGATGATCCTGAA
R L K R C V D I G MMK E F I L T D E E V OR K R E MI L K

450

GCGCAAAGAGGAGGAAGCGCTGA!GGAGAGCCTGA!GCCCAAACTGTCGGAGGAGCAGCAG!AAG'l'C!TCGACACCC'l'CCTGGAGGCCCA 540
RKE E E AL KE S L KP KL S E E Q Q KVI DT L L E AH
CCACA!AACCl'l'CGACACCACATACTCCGACTTCA!CAAG'l'l"l'CGGCCCTGAGAAGC!AATTCAGCAGCAGGATGGCAACG!AACT
H K T F D T T Y S D F I K F R P P V R S K F S S R M! T K L

630

'l'TCCTCCTCCG'lGGACTTCTCCTCGGAGGACTCCAACGATGTCTTTGGCTCCG!TGCCTTCGC'l'GCATTCCCAGAGCCCAT 720
S S S VVS QDF S S E DS I DVF GS DAF A! F P E P M
GGAGCCCCAGATG'l'TT'l'CCAACCTGGACCTCTCCG!GGAGAGCGATGAGAGCCCCTCC!TGAACATCGAGCTGCCCC!CCTCCCC!TGCT
E P Q MF S N L D L S E E S D E S P S MMI E L P H L P ML

810

CCCGC!CCTGGCCGACCTGGTCAGCTACAGCAT!CAGAAAG'l"l'G!TCGGCT'l'CGCC!!GATGATACCCGG!TTCAGGGATCTGACGGCAG 900
P HL ADL VS YS I Q KVDR L RQ DDT R I Q GS DGR
!GGATCAGATTGCCC'l'GCTG!ATCC!GCGCCATCGAGGTGATCATCGTGCGCTCC!ACC!GTCCTTCACCATGGAGGACATGTCCTGGAC
G S D C P A E S S A I E V I I V R S N Q S F T M E D M S WT

990

TGCGGA!GCAATGACTTCA!GTACAAAG'l'C!GCG!TGTCACCCAAGCCGGACACAGCATGGACC'l'CCTGG!GCCGCTCGTGAAG'l'l'CC!G 1080
! E A M T S S T K S A M S P K P D T A WT S WS R S t S S S
CCGAA'l'l'C
R I

1088

B

!CCTGCG!GGGC'l'GCAAGGGC'l'TC'l'l'CGGAGAAGCATGAAGAGGAAAGCGA'l'G'l'TCACCTGTCCG'l'l'CAACGGGGAC'l'GCAAAATCACC
T C E G C K G F F R R S N K R K A N F T C P F MG D C K I T

60

AAGGACAACCGGCGGCACTGCCAGGCCTGCCGGCTGAAGCGCTGCGTGGACATTGGGATGATGAAGGAG'l'l'CA'l'CCTG!CGGACGAGGAG 180
K D I R R H C Q A C R L K R C V D I G N MK E F I L T D E L
GTGCAGAGGAAGCGT
V OR K R

195
49

Figure S. RT-PCR expression of clVDR in 4-day chicken limb bud mesenchymal
cells. Lane 1, PBR322 molecular weight marker; Lane 2, four day chick mesenchyma]
cells; Lane 3, 1,25(OH)2D 3 treated four day mesenchymal cells (note 195 bp band;
arrow); Lane 4, negative PCR control; Lane S, negative RT-PCR control in which the
reverse transcriptase enzyme was omitted.

50

1 2

195~

51

3 4

5

CHAPTER III

Mononuclear leukocytes in the newt limb blastema: in vitro behavior
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Department of Biology
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ABSTRACT
The various cell types which make up the newt limb regeneration blastema cell
population are of particular interest. Through the process of dedifferentiation, these
cells acquire the necessary positional information along the proximal-distal axis of the
limb in order to yield a normal regenerate. The precise interactions of the various
cell types (pleiomorphic, bipolar, signet and multinucleated cells) with one another
is difficult to ascertain in vivo; therefore in vitro studies are better suited for such a
task. In this study we describe the in vitro interaction of these cell types with one
another. The data show that the mononuclear signet cells interact (fuse) with other
signet cells or fuse directly with the multinucleated cells. Further, they indicate that
the signet cells are in fact mononuclear leukocytes and the giant cells are osteoclasts.
Therefore, we believe that these two cell types are not formed by dedifferentiation
but rather that these cells are of hematopoietic origin and play minor roles in limb
regeneration.
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INTRODUCTION

In the field of amphibian limb regeneration, there are still many pieces of the
puzzle which are poorly understood. One question deals with the production of
progenitor (blastemal) cells which form beneath the wound epithelium and further
differentiate into more specialized structures necessary for the complete regenerate.
The regenerative ability which urodeles such as the newt, Notophthalmus viridescens,
possess is a direct result of the formation of these dedifferentiated blastema cells.
The amputation of a limb results in the initial formation of a wound epidermis
beneath which a pool of dedifferentiated cells accumulate. These blastema cells will
proliferate until cues are given to induce the re-differentiation of these cells into new
cell types (Tsonis, 1991 ). Such cells contain the positional information necessary for
a complete, normal regenerate (Stocum, 1984; Brockes, 1989). Observation of such
characteristics can be possible by parallel studies in vitro. Many researchers have
studied these blastema cells in vitro to determine their cellular nature and
characteristics. Their results have determined that a quartet of cells which make up
the regeneration blastema. These cell types are 1) pleiomorphic (Fimian, 1959;
Jabaily et al, 1982; Ferretti and Brockes, 1988); (2) bipolar (Ferretti and Brockes,
1988); 3) large multinucleate (Fimian, 1959); and 4) signet (Maier and Miller, 1992).
The precise nature and interaction of the aforementioned cell types with each other
remains to be further elucidated.
The role of osteoclasts in the process of regeneration has been proposed many
years ago through the studies of Fimian (1959) and Hay and Fischman ( 1961 ). When
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the limb of a newt, for example, is amputated through any of the ossified bones, there
is an induction of the formation of osteoclasts to aid in the repair/reproduction of the
damaged bone.

Osteoclasts are large multinucleated cells which are a type of

macrophage, derived from the hematopoietic tissue in the bone marrow (Hancox,
1949; Nijweide and de Grooth, 1992).

Studies in vivo using tritiated thymidine

incorporation have demonstrated that during the newt limb regeneration process the
mononuclear leukocytes are produced from hematopoietic origin (Hay and Fischman,
1961; Fischman and Hay, 1962). Subsequent fusion of these cells results in the
formation of multinucleate "giant cells" (osteoclasts ).

These results (Hay and

Fischman, 1961; Fischman and Hay, 1962) clearly demonstrate that the formation of
osteoclasts in the regenerating newt limb in vivo occurs by cells produced from
hematopoietic origin and not by the dedifferentiation of stump tissues. We believe
that the fourth blastema cell type identified, called the signet cell by Maier and Miller
(1992), is in fact one of these mononuclear leukocytes. This new cell type was not
characterized fully to subsequently understand its role in the regeneration blastema.
In this study the in vitro behavior of these "signet cells" with other cell types which
comprise the blastema population is examined.
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MATERIALS AND METHODS

Animals
All newts, Notophthalmus viridescens, were obtained from Amphibians of
North America, (Nashville, TN), and kept at room temperature in aquaria. Animals
were anesthetized in 3-aminobenzoic acid ethylester (Sigma) and the fore- and
hindlimbs were amputated through the mid ulna-radius level.

Two weeks post-

amputation the wound epithelium was removed and the blastema was collected for
in vitro culturing.

Cell culture

Isolated blastemata were rinsed in 50% L-15 medium containing 2%
penicillin/streptomycin, and 2% fungizone (all medium components obtained from
JRH Biosciences) for 15 minutes. The blastema were then plated on gelatin coated
dishes and incubated at 25°C, 1% CO 2, in the following medium: 30% L-15, 30%
EMEM, 9% Fetal Calf Serum (FCS), 1% penicillin/streptomycin, 1% fungizone,
insulin (lmg/ml), 10% conditioned medium, and 1% kanamycin (Gibco-BRL). The
conditioned medium was collected from newt cultures and added as a supplement for
potential factors which newt cells may secrete. This medium was changed three times
per week. Blastema cells were observed migrating from the explants after two days
and all cell types were present. Cells were examined for various times at which the
time lapse pictures were taken to observe the cell-cell interactions. Cells were also
exposed to direct UV light for detection of autofluorescence in the cell types.
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Immunostaining

All cells were stained with the 22/18 monoclonal antibody (Kintner and
Brockes, 1985) to determine the reactivity of the cells to this regeneration-associated
antigen (Kintner and Brockes, 1984; 1985). Briefly, the explants were removed and
the cells were rinsed twice in lXPBS (15 minutes each), fixed with cold acid/alcohol
(95% ethanol/5% glacial acetic acid) and then rinsed as previous with lXPBS. The
cells were then pre-incubated with 65% L-15:EMEM (1:1) plus 10% FCS at 37°C.
The primary antibody (22/18; Developmental Studies Hybridoma Bank) was then
added and incubation was continued at 37°C for one hour. Cells were washed in
lXPBS (three times, 15 minutes each) and then 22/18 expression was detected by
incubation of FITC-conjugated secondary antibody (FITC-goat anti-Mouse-IgM; µchain specific; Cappel) for one hour at 37°C. The cells were then washed with
lXPBS and mounted in 90% glycerol, 10% lXPBS, and 0.2M n-propyl gallate
(Sigma; to reduce photo-bleaching), and observed under UV microscopy.

Labeling of mononuclear leukocytes with tritiated thymidine

Newts were injected with tritiated thymidine (five µCi intraperitoneally;
Amersham, 81 Ci/mmol) one day prior to amputation of the forelimbs at the mid
ulna-radius level. After 14 days of regeneration, the blastemata were aseptically
removed and cultured in vitro on gelatin coated coverslips. Explants were monitored
for migration of the various cell types from the explants. When observations were
complete, the cells were fixed in methanol:acetic acid (3:1) for 20 minutes, air dried
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then the coverslips were attached to slides then dipped in Kodak NTB-2 emulsion
diluted (1:1) and exposed for three weeks. The slides were developed in Kodak D-19
developer (2.5 minutes, l5°C), fixed (Kodak fixer, seven minutes; 25°C) and
counterstained with Hematoxylin and Eosin for observation under bright field or dark
field microscopy.

RESULTS AND DISCUSSION

Migrating cells from the blastema explant

The cells which migrate from the explanted blastema tissue comprise a
population of different cells (Figure 1). As seen in Table 1, the pleiomorphic cells
make up the majority of the cell population.

The less abundant cell types, the

osteoclasts (giant, multinucleate cells which can have at least two nuclei or as many
as 100) and the bipolar cells make up to 1-2% of the total population each. Bipolar
cells have been postulated to be nerve cell remnants or possibly differentiated
myocytes.

The mononuclear leukocytes (this grouping includes monocytes and

lymphocytes) seem to be abundant (up to 45% of the total) and with an increase in
this cell type, the incidence of cell-cell interactions increases. These percentages are
in accordance with other studies (Fimian, 1959; Ferretti and Brockes, 1988; Maier
and Miller, 1992). The mononuclear cells have a very distinct appearance. They
have a very high nucleus to cytoplasm ratio and also contain numerous granules
(Figure 2). The osteoclasts also contained the same granules within their cytoplasm.
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All of these blastema cell types express the regeneration specific antigen,
22/18. This antigen was proposed to be expressed in regeneration-associated tissues
(Ferretti and Brockes, 1988).

The mononuclear leukocytes and the osteoclasts

express the 22/18 antigen as seen in Figure 3B. Both of these criteria were used by
Maier and Miller (1992) in the classification of these cells as a new cell type.
Only the pleiomorphic cells have been observed to undergo cell division in
vitro, therefore, as these cells migrate and divide, a monolayer of cells becomes
apparent. In some instances, this monolayer has been observed to be covered by
epithelial cells when explants from the two cell types are cultured together. As seen
in Figure 4A-B, by co-culturing a piece of the wound epithelium on top the blastema
explant, the growth of the blastema cells is matched by the growing epithelial sheet
yielding a bilayered structure.

This indicates that there is a precise interaction

between the blastema cells and the wound epithelium in vitro as well as in vivo for
cell proliferation. Although in vitro, there was no cessation of cell proliferation
observed when epithelial cells are not present. In comparison to the in vivo system,
the lack of wound epithelium may inhibit the blastema cell proliferation (Thornton,
1957).

Identifying mononuclear leukocytes in the blastema

In order to determine if these signet cells were actually mononuclear
leukocytes, we decided to compare the cells observed to established criteria to ensure
that the cells identified as signet cells were the similar to those observed by Maier
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and Miller ( 1992), and then prove conclusively that the signet cells are truly
mononuclear leukocytes. The first criterion deals with the morphology of the signet
cells. Secondly, these cells must also autofluoresce when exposed to direct UV light.
The third criterion involves the interactions (fusion) of the mononuclear leukocytes
with each other as well as direct fusion with pre-existing giant cells. Finally, the
fourth criterion involves the use of pre-amputation tritiated thymidine incorporation
to selectively label the mononuclear leukocytes. These criteria provide the necessary
standards to support the conclusion that the signet cells are in fact mononuclear
leukocytes which arise from hematopoietic origin and not from dedifferentiation of
limb stump tissues.

Morphology and autofluorescence

The cells observed in the in vitro cultures have a distinct phenotype as already
shown (Figure 2). Morphologically we have identified the same cells as Maier and
Miller (1992). This phenotype is also similar to that of various white blood cells.
When exposed to direct UV light, these cells also autofluoresce as seen in Figure 5.
The giant cells also autofluoresce (as expected, since these cells also contain the same
granules present in the mononuclear cells). Therefore, a conclusion can be drawn
(by fulfilling two criteria) stating that these cells are in fact the same cells observed
by Maier and Miller (1992), and that morphologically these cells are identical to
white blood cells.

60

Mononuclear leukocyte interactions form osteoclasts

The third criterion involves the interactions among the mononuclear cells and
with the giant cells. The mononuclear cells will fuse with one another (depicted in
Figure 6) thus becoming binucleate, then in turn fusing with yet another giant cell.
The ability of these cells to perform this feat of fusing to produce osteoclasts is an
important criterion. These interactions have been shown to be the process by which
osteoclasts are formed (Hancox, 1949; Fischman and Hay, 1962; Nijweide and de
Grooth, 1992).

Such interactions are shown in Figure 6 where time lapse

photography depicts the cells fusing in vitro. The cells are first observed as individual
cells (Figure 6A, top left of micrograph marked with arrows) and as time proceeds,
these cells fuse to form the body of the osteoclast in Figure 6D. Also in Figure 6C
there are two cells which first begin to interact then subsequently fuse with the same
osteoclast (sequentially in Figures 6C-G). These data support the conclusion that
these cells are in fact mononuclear leukocytes which fuse to form osteoclasts. We
never observed the pleiomorphic or bipolar cells interacting (fusing) with either the
mononuclear leukocytes or osteoclasts.

Tritiated thymidine injections

The final criterion to demonstrate that the mononuclear cells are mononuclear
leukocytes is that the nuclei of these cells label with tritiated thymidine when it is
administered prior to amputation. This procedure has been shown to specifically
label only those cells which are undergoing cell division routinely (Hay and Fischman,
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1961). In the case of the newt limb regeneration system, such administration results
in the labeling of epidermal cells and circulating white blood cells (Hay and
Fischman, 1961; Fischman and Hay, 1962). Hay and Fischman (1961) have shown
that in vivo the dividing epithelial cells are labeled. We also observed this when
wound epidermal tissue from tritiated thymidine animals is cultured in vitro as an
explant. These cells dividing in vitro display the positive nuclei as shown in Figure
78. As seen in Figure 8A-B, of the cells which migrated out of the blasterna explant
only two cell types displayed nuclear thymidine labeling, the mononuclear leukocytes
and the osteoclasts. There were no pleiomorphic cells displaying positive nuclei.
However, not all of the nuclei within the osteoclasts are positive alluding to the fact
that first, they do not divide, and secondly such incorporation of labelled nuclei
resulted by fusion of mononuclear cells (Figure 8C-D).

Therefore, these

mononuclear signet cells are leukocytes and the giant cells are osteoclasts. It should
also be noted that the presence of the other cell types within the blasterna may be
necessary for the production of various growth factors required by the pleiomorphic
cells, for example.
Interestingly, the reactivity of these cells to the 22/18 Mab stimulate some
interest as to the nature of this antigen. First, our data show that two of the four cell
types of the blastema are of hematopoietic origin and not the result of
dedifferentiation. Therefore, the reactivity of the circulating mononuclear leukocytes
with 22/18 may imply that the 22/18 antigen may be induced by cell division. Ferretti
and Brockes (1988) have shown that cells which are initially 22/18- are 22/18+ during
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cell division caused by induction of tissue regeneration (this antigen is turned on; see
also Brockes and Kintner, 1986). Ferretti and Brockes (1988) also state that this
antigen may be a general marker for regenerating systems. Hay and Fischman (1961)
state that the life span of the mononuclear leukocytes is approximately 21 days.
Overall, the results of this study indicate that of the four blastema cell types,
possibly only two may arise from the process of dedifferentiation while the other two
are from hematopoietic stem cells. This was determined by the in vitro interactions
from which the osteoclasts were formed. Our data suggest that the pleiomorphic cell
population comprises almost 90% of the population at a given time and is probably
the only regeneration specific cell type. This implies that these cells, under auspicious
controls will re-create the missing appendage. These pleiomorphic cells already been
utilized in the regeneration process via re-implantation back into the regenerating
limb blastema (Lo et al, 1992; Washabaugh et al, unpublished). Such studies indicate
that upon re-implantation the pleiomorphic cells can proliferate and further
differentiate to form the regenerate. These cells were traced during regeneration
using tracer dyes or by transfecting a plasmid which contains a biochemical (lac z) or
genetic marker. This suggests that the pleiomorphic cells probably play a major role
in the regeneration process.
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Table 1. Percentages of various cell types from explanted newt blastemas

Cell Type

Percentage of blastema
cell population

22/18 Expression

Pleiomorphic

60-90%

+

Bipolar

:51%

+

Osteoclasts
( multinucleate
ceJls)

1-2%

+

30-45%

+

Mononuclear
Leukocytes
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Figure 1. In vitro culture of newt blastema displaying the four different cell types.
1) pleiomorphic cells; 2) bipolar cells; 3) osteoclasts; 4) signet cells (mononuclear
leukocytes). XlO
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Figure 2. Morphology of the mononuclear cells in vitro observed under Hoffman
phase optics. A) Individual cells displaying the high nucleus:cytoplasm ratio, a ruffled
border and also contain granules (as seen within the cell marked with arrow). B) The
same cells as in A 24 hours later showing interactions (fusions) with each other. X40
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Figure 3. 22/18 staining of the blastema cells. A) Phase contrast image of the
various cell types. B) Corresponding fluorescent image depicting 22/18 expression in
alJ four cell types from the blastema. Numerical labels: 1) pleiomorphic cells; 2)
bipolar cells; 3) osteoclasts; 4) mononuclear leukocytes. There was no nuclear
staining observed since the 22/18 antigen is cytoplasmic.
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A

B
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Figure 4. In vitro co-culture of blastema explants with wound epithelium. A)
Blastema cells and epidermal cells migrating from the explant four days post plating.
Note the presence of the pleiomorphic cells as well as the epidermal cells. B) Same
explant 10 days later. Notice the apparent bilayer with pigmented epithelial cells
present. C) Hoffman image depicting the bilayer of cells in B.
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Figure S. Mononuclear cells (signet) and giant cells exposed to direct UV light
showing fluorescence due to the granules contained within these cells. The giant cells
(located in the center of the figure) and the mononuclear cells (located at the bottom
of the figure) are fluorescing. X25
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Figure 6. Time lapse micrographs depicting the formation of osteoclasts by in vitro
interactions. A-C) Four hour time interval phase micrographs. D) 12 hours after C.
D-G) Four hour time increments. Cells marked (arrows) in A fuse to from body of
osteoclast depicted in D. Mononuclear cells marked in C interact with each other
and then fuse with the body of the osteoclast as depicted in D-G. Mag. A-D) XlO;
E-G) X20.
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Figure 7. In vitro culture of wound epithelium from tritiated thymidine irtjected
animal. A) Phase contrast image showing epithelial sheet and positive nuclei of cells
(arrows). B) Corresponding darkfield image of A showing several highly positive
nuclei, and others, displaying a reduced number of positive grains within the nuclei,
which were undergoing cell division in vitro. XlO
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Figure 8. In vitro culture of blastema tissue from tritiated thymidine injected
animals. A) Phase contrast of cells prior to autoradiography showing presence of
various cell types. B) Same cells as in A after autoradiography processing and
counterstained with hematoxylin and eosin. Note that only the nuclei from the
mononuclear leukocytes and osteoclasts are positive. Two nuclei from a cell fusing
with an osteoclast are marked (arrow) in A and B. C) Phase contrast image of an
osteoclast containing many nuclei and D) autoradiography processed osteoclast
showing that only two of the 20 nuclei are positive. Mag. A-C) XlO; D) X40.
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ABSTRACT

In this study the transformation of newt limb cells and their role in
regeneration upon transplantation back into a regenerating newt limb blastema is
reported Untransfected cells differentiate in vitro while cells transfected with SV40
large T-antigen do not differentiate in vitro, however, when transplanted in vivo, these
cells then undergo differentiation. The cell lines were observed to participate in the
normal regeneration process where they were able to differentiate to cells of the
musculature and cartilage, indicating metaplasia
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INTRODUCTION

The regeneration of a limb is a process confined to various amphibians such
as the newt, Notophthalmus viridescens and the axolotl, Amblystoma mexicanum. This
process begins with the amputation of the limb along the proximal-distal axis. When
the limb is amputated, there is a rapid migration of epidermal cells to close the
wound surface. Beneath this wound epithelium, the differentiated stump tissues
dedifferentiate to form a population of different cells called the blastema (Hay, 1958;
1962; Brockes, 1984; Stocum, 1984; Tsonis, 1986). The blastema cells will then
proliferate and then re-differentiate to form the regenerate. These blastema cells are
thought to be embryonic in nature, therefore, they behave in a controlled manner to
reproduce the missing structure of the limb. This characteristic of blastema cells has
prompted many scientists in the past to regard the blastema as an inhibition/induction
field capable of controlling cancer functions similar to other embryonic fields such as
the blastocyst (Pierce, 1983; Tsonis, 1987). Blastema has been proposed to be very
resistant to cancer induction while spontaneous tumors are rare among urodeles
(Tsonis and Del Rio-Tsonis, 1988). In the past scientists have attempted to prove
that the blastema will control cancer formation. The most obvious experiment will
be cancer cell transplantation and study of the behavior of these cells during
regeneration. This approach has been hindered by several factors: 1) cancer cells of
the limb lineage do not exist nor can they be induced by carcinogens; 2) other
cancers also do not exist as cell lines for a well controlled experiment to be
performed (see Del Rio-Tsonis and Tsonis, 1993).
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In an attempt to address this issue, we decided to develop a system in which
we could study such regulatory events.

Our system involves the use of the

pleiomorphic newt limb cells which have been found morphologically identical to the
predominant blastema cell type (pleiomorphic or fibroblast-like) in the regeneration
process (Ferretti and Brockes, 1988; Washabaugh and Tsonis, 1994). These cells
were transformed using a plasmid (pSV3-neo) containing an oncogene, the SV40
large T-antigen, which has been used for similar immortalization/transformation
studies in other vertebrate cells (Iujvidin et al, 1990; Hofmann et al, 1992; Ryan et
al, 1992). These cells show a transformed phenotype in vitro without differentiation
to myotubes as the original un-transfected cells do. The cells were subsequently
transplanted back into the newt limb regeneration blastema and their behavior
followed. Our studies showed that these cells were able to participate in normal
regeneration indicating regulation of their transformed phenotype.

MATERIALS and METHODS

Animals

All newts, Notophthalmus viridescens, were obtained from Amphibians of
North America, (Nashville, TN), and kept at 25°C in aquaria.

Animals were

anesthetized in 3-aminobenzoic acid ethylester (Sigma, St. Louis) and then the foreand hindlimbs were amputated through the mid ulna-radius level. Two weeks post-
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amputation the wound epithelium was removed and the blastema explants and
muscle explants were co1lected for in vitro culturing.

Cell culture

Isolated explants were rinsed in 50% L-15 medium containing 1% L-glutamine,
2% penicillin/streptomycin, and 2% fungizone for 15 minutes. Then the exp]ants
were plated on gelatin coated dishes and incubated at 25°C, 1% CO2, in the following
medium: 30% Leibovitz-15 medium, 30% Eagle Minimum Essential Medium
(EMEM), 9% Fetal Calf Serum, 1% Penicillin/streptomycin, 1% fungizone (JRH
Biosciences), 1% L-glutamine (200mM), insulin ( lmg/ml), 10% conditioned medium,
and 1% kanamycin. The conditioned medium was collected from other newt cultures
and added as a supplement for potential factors which newt cells may secrete. This
medium was changed 3X per week. Pleiomorphic cells were observed migrating from
the explants after two-four days. Cells were dissociated using 0.05% trypsin in HBS
(JRH Biosciences) and pelleted at 1300 rpm for three minutes.

Cell Transfections

Cells were transfected with plasmids using the calcium phosphate method
(Sambrook, et al 1989) or by liposome mediated transfer using lipofectin or
lipofectamine reagents (a gift from P. Hawley-Nelson, Gibco).

Lipofectamine

transfections were performed as fo1lows: One-two µg of pSV3-neo (contains SV40
and neomycin-G418 resistance) or pCHll0 (contains Lac Z) plasmid was mixed with
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antibiotic and serum free medium to a volume of 100 µland subsequently five µ1 of
lipofectamine reagent was diluted to 100 µl in serum free medium.

These two

solutions were then mixed together and incubated at room temperature for 15
minutes. Then 0.8 ml of serum free medium was added and this mixture was placed
into culture dishes containing cells that were washed in lXPBS twice. The cells were
then incubated for six hours at 25°C and after which the transfection solution was
removed and replaced with whole medium. Screening for antibiotic G418 resistance
was performed at 48 hours post transfection at lO0µg/ml for selection of transformed
cells.

/J-galactosidase assay

After at least 16 hours post-transfection, transfection control plates of cells
which received the pCHl 10 plasmid and cryo-sections from implantations were fixed
(2% formaldehyde and 0.2% glutaraldehyde in lX PBS) for 5 minutes at 24°C and
then rinsed with lX PBS (phosphate buffered saline, pH 7.5). Then 3 ml of X-gal
solution (lX PBS, 5mM K ferricyanide, 5mM K ferrocyanide, 2mM MgC12, X-gal 1
mg/ml) was added and the cells were incubated at 37°C, 2-5% CO2 for at least 16
hours. Cells were washed with lX PBS and viewed under a light microscope. Cells
which express the lac Z gene product appear blue while non-transfected cells remain
unstained.
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Oil labeling of newt cells

An alternate method for tracking cells implanted into the limb regenerate
employs

a

hydrophobic

carbocyanine

dye,

1, 1 '-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate (Dil, D-282; Molecular Probes). This dye
labels cell membranes which fluoresce under rhodamine filtered UV light (Ledley et
al, 1992). Dil is unique such that the cells become "sticky" when stained with Oil and
form clumps when subsequently dissociated and pelleted for implantation. This
clumping effect aids in the efficient implantation of the cells beneath the wound
epithelium and further tracking of the cells within the limb regenerate. Dil has been
shown to not to have detrimental effects on cell proliferation and/or viability
(Hofmann et al, 1992; Ledley et al, 1992).

Briefly, the cells were cultured as

previously indicated except that serum-free medium was used for incubation. A stock
solution of Dil (3 mg/ml in absolute ethanol) was diluted 1:100 in serum-free medium
and added directly to the culture dish. The cells are incubated for four-six hours at
25°C after which the Oil solution was aspirated off and fresh medium was added.
The next day the cells were dissociated and implanted as outlined below. Cryosections were cut and viewed directly under UV fluorescence. Transplanted cells or
cells in vitro appear bright orange-red.

Implantation of cells into regenerating limbs

Newt limbs were amputated distally at the mid ulna-radius level and all
implantations occurred on either day 8 or day 9 post amputation. Cells stained with
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or without the Dil were dissociated with trypsin and pelleted into ultra micro-capillary
tubes sealed at one end. The sealed end was then snapped off and then using a
controlled air flow apparatus, the cells were implanted beneath the wound epithelium
covering the blastema.

This was accomplished by mechanically separating the

junction of the stump tissue with the wound epithelium (carefully peeling back this
layer) and inserting the end of the tube containing the cells into the limb. Positive
pressure was administered to place the cells into the limb. The wound epithelium
was then replaced to cover the cells. Limbs were observed daily and samples were
taken at varying time intervals for cryo-sectioning and subsequent counterstaining
with Hematoxylin and Eosin or Gomori's Trichrome.

Isolation of Genomic and Hirt DNA

Cells were trypsinized, pelleted, washed in lX PBS and then resuspended in
digestion buffer (100mM NaCl; 10mM Tris HCl, pH 8.0; 25mM EDTA, pH 8.0; 0.5%
SDS; 0.lmg/ml proteinase K) and incubated overnight at 37°C. The DNA solution
was then phenol/chloroform extracted, ethanol precipitated and the resultant DNA
pellet was resuspended in TE (Tris-EDTA, pH 8.0). Hirt DNA was isolated using
a modified version (Khoury and Lai, 1979) of this original protocol (Hirt, 1967) by
initially treating cell pellet with the Hirt lysing solution (0.6% SDS; lOmM EDTA, pH
7.4) and incubating at room temperature for 20 minutes. Then SM NaCl was added
to a final concentration of lM and this solution was then incubated overnight at 4°C.

The solution was spun at 14K for 60 minutes at OOC and the supernatant was then
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treated with RNase A at lOµg/ml for 30 minutes at 37°C. Then the DNA solution
was phenol/chloroform extracted, precipitated subsequently resuspended in TE (pH
8.0). Approximately 10 µg of each DNA (Hirt or genomic) was then digested with
Barn HI or Eco RI and run on a 1% agarose gel for Southern transfer. The filter
was then probed with the 3.3Kb Barn HI

32

P labeled fragment of the pSV3-neo

plasmid and with the 600 bp newt repetitive sequence, D6 (kindly provided by J.
Gall; Epstein and Gall, 1987).

Effect of FGF-4 on cell proliferation

Each of the three cell lines were plated in micromass cultures in microtiter
plates. Fibroblast Growth Factor-4 (FGF-4) was added at 50 ng/ml (generous gift of
the Genetics Institutes) for the two day time period along with tritiated thymidine
(lµCi/ml; Amersham, 81 Ci/mmol). Each of two days the cells were assayed in
triplicate for thymidine incorporation.

Immunocytochemistry

Cells in culture or cryo-sections of the transplantation regenerate were stained
with a monoclonal antibody to the SV40 Large T-antigen for detection of Large Tantigen expression.

Slides and plates were fixed (2% formaldehyde, 0.2%

glutaraldehyde in PBS) for 10 minutes. Then the samples were washed with lX PBS
and processed as follows: Slides were pre-incubated with PBSNGS (IX PBS; 5%
normal goat serum) and then incubated with the primary monoclonal antibody (1:100
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dilution) which was directed against the SV40 large T-antigen (Oncogene Science)
at 37°C for one hour. Subsequently, the sections were washed 3X in lXPBS and then
incubated with the secondary antibody (FITC-conjugated anti-mouse IgG; Sigma) for
one hour at 37°C. Finally, the samples were rinsed 3X in lXPBS, mounted in 90%
glycerol in PBS, and observed with fluorescence microscopy.

RESULTS

Our experiments led to the establishment of three cell lines.
depicted in Figure 1.

These are

The untransfected cell line displays the characteristic

differentiation into myotubes after two weeks in culture (Figure IA) while the
transfected cells display the characteristic transformed phenotype (Figure 1B-E).
These transformed cells no longer retain the ability to differentiate in vitro (Figure
lB-E). The untransfected cells divide almost every 28 hours while the transformed
cells divide in 22-24 hours. Data on the proliferation of these cell lines using tritiated
thymidine incorporation was obtained for general incorporation and also with the
presence of growth factors such as Fibroblast Growth Factor-4. FGF-4 has been
shown to have effects on cell proliferation and signals for limb development
(Niswander et al, 1993) and, therefore, determining the behavior of these cells when
cultured in the presence of FGF-4 is important to identify growth characteristics of
these cells. These cells reacted differently to the presence of exogenous growth
factors such as FGF-4. As seen in Figure 2, there was no overall effect of FGF-4 on
the proliferation of the untransfected cells after two days. Both of the transformed

91

cell lines displayed an marked incorporation rate over the untransfected cells without
FGF-4. However, when cultured in the presence of FGF-4, the SV40-B3 cell line
displayed a significant difference (at p=0.l) in incorporation after 1 day over the
SV40-1 cell line (Figure 2).

Expression of large T-antigen in vitro

Both of the cell lines (SV40-1 and SV40-B3) were transfected with the large
T-antigen. Therefore, these cells should express this nuclear antigen. As seen in
Figure 3, the cells express the nuclear antigen.

The untransfected cells do not

express the nuclear antigen.

Genetic nature of transformation

One of the major questions about the transformed cell lines deals with the
nature of the transformation. Since these cells have been shown to express the
nuclear antigen, the mechanism of transformation needed to be determined, that is
whether or not there is integration of the plasmid or if it exists in an episomal (nonintegrated) fashion. To answer this, we employed the isolation of total genomic DNA
and Hirt DNA (a procedure which isolates episomal DNA from vertebrate cells). As
seen in Figure 4, there were no apparent bands other than those of the nonintegrated plasmid (3.3 and 5. 7 Kb bands, or the uncut plasmid 9.0 Kb). Restricted
DNA isolated from the untransfected cells displayed no bands at all when probed
with the 3.3Kb SV40 Barn HI fragment (Figure 4; lane 3), however, when probed
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with the newt repetitive sequence (D6) there were bands representing the tandem
array of this repetitive sequence (not shown). Therefore, these results suggest that
the cell lines were transformed via episomal expression and not by stable (integrated)
transformation.

Re-implantation into regenerating limbs

In order to track the cells and their respective fate upon implantation into the
regenerating newt limb, the cells were stained with Dil. This compound has been
shown to be an effective vital dye for labelling cell membranes (Hofmann et al, 1992;
Ledley et al, 1992). Newt limb cells stained with Dil in vitro one day prior to
implantation are shown in Figure 5.

Similar results were observed with cells

dissociated and maintained in vitro for almost two weeks, such that the Dil was still
detectable in all cells (not shown).
The accuracy of the implantation technique was also determined as depicted
in Figure 6A-B, which displays a cryo-section through a limb implanted and sacrificed
at four days post implantation. The cells were located solely beneath the wound
epidermis. Spreading of the Dil was not observed in any of the limbs and/or sections.
The untransfected cells (stained with Dil) were observed to take part in the
regeneration process as depicted in Figure 6C-F. The stained cells were observed in
cartilage and musculature indicating possible metaplasia, since the original primary
cell culture was from muscle explants (Figure 6C-F).
The transformed cell lines were also observed to take part in the regeneration
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process and also undergo metaplasia as shown in Figure 7A-B. These cell lines,
which could not undergo differentiation in vitro, now differentiate to aid in forming
the regenerate. Dil stained cells were observed in differentiated muscle and cartilage
tissues.

DISCUSSION

In this study cell lines were utilized in order to address issues concerning
regulation and differentiation during limb regeneration. The newt limb cells were
immortalized and in fact displayed a transformed phenotype and expression of the
oncogene, the large T-antigen. Similarly, the untransfected cells also express the lac

Z gene when transfected with the pCHl 10 plasmid and then subsequently implanted
into the regenerating newt limb. This indicates that implanted cells do continue to
express the molecular marker. Expression of an exogenously transfected gene by
newt cells upon re-implantation has also been shown by Brockes (1992) and Lo et al
(1993), where expression was observed up to eight weeks post-implantation.
The untransfected cells retain the ability to differentiate in culture (in vitro)
or when they were implanted back into the regenerating limb (in vivo). On the other
hand, the transformed cell lines do not display the ability to differentiate in vitro,
however these cells were able to differentiate in vivo.

This indicates that the

transformed phenotype of the cells when implanted is suppressed by the blastema
cells.
This oncogene has been shown to integrate into the genome of other
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vertebrate cells (Iujvidin et al, 1990; Hofmann et al, 1992; Ryan et al, 1992). In our
system we observed that the transformation occurred by episomal expression of the
large T-antigen and not by integration. This may be due to the complexity of the
amphibian genome where there exists almost 10 times more DNA per haploid cell
than the mammalian counterparts. Therefore, if integration occurred in some cells,
this does not guarantee the expression of the oncogene. Stable integration of DNA
sequences into the genome of these newt limb cells has been achieved successfully
using retroviral-mediated gene transfer techniques (Burns et al, 1994). This indicates
that although the integration via plasmid transfection may have limitations, stable
integration into these cells is not impossible.
In the data presented from the transformed cell lines it can be established that
newt limb cells can be transformed using an oncogene and subsequently regulated to
take part in the regeneration process. Furthermore, the regulation of an oncogene
by the blastema cells is of extreme importance and may shed light into the function
of oncogenes in the regeneration process as well as becoming a potential model
system for studying cancer regulation.
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Figure 1. Established cell lines from newt limb cells in vitro. A) Untransfected newt
limb cells cultured for two weeks. Note the apparent alignment of the differentiating
myotubes to form multi nucleate structures. B-C) Transformed cell line NvSV 40-1
at 2 weeks (B) or 4 weeks (C). Note the disarray and development of the
transformed phenotype. D-E) Transformed cell line NvSV40-B3 at two and four
weeks displaying a more definite transformed phenotype. No differentiation was
observed in vitro for either transformed line. X25
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Figure 2. Effects of FGF-4 on proliferation of each newt cell line. The cells were
grown in micromass cultures and then assayed at day one and day two for
proliferation using tritiated thymidine. + indicates presence of FGF-4 in medium;
- means no FGF-4 present in culture medium. There was no apparent effect of FGF4 on the untransfected cell lines where as the transformed cell lines show a marked
increase in cell proliferation. Error bars indicate the Standard Error of Means
(S.E.M). Statistical analysis using the Mann-Whitney U test found significant
differences in incorporation at p=0.10 for the SV40-B3 cell line and the
untransfected cell line.
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Figure 3. In vitro expression of the large T-antigen by transformed newt limb cells.
Both transformed cell lines express the nuclear antigen while the untransfected cells
were negative. Note that only nuclei are positive in the cells. XlOO
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Figure 4. Southern analysis of newt cell lines. Lane 1: pSV3-neo plasmid unrestricted. Lane 2: pSV3-neo plasmid restricted with Barn HI. Note the apparent
3.3 and 5.7 Kb bands. Lane 3: Total genomic DNA from untransfected cells (all
DNA samples were restricted with Barn HI). Lane 4: NvSV 40-1 total genomic DNA
displaying the 3.3 and 5. 7 Kb bands. Lane 5: Hirt DNA isolated from the NvSV40-1
cell line. Lane 6: Total genomic DNA isolated from the NvSV40-B3 cell line. Lane
7: Hirt DNA isolated from the NvSV40-B3 cell line. Note that the bands in lanes 4-7
correspond to those observed in the Barn HI restricted pSV3-neo plasmid.
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Figure 5. Dil stained newt limb cells in vitro. X40
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Figure 6. Implantation ofuntransfected cells back into regenerating limbs using Dil.

A-B) Bright field and fluorescent image (respectively) of a cryo-section through a 4
day post-implantation limb regenerate depicting the mass of implanted cells located
directly beneath the wound epithelium. C-D) Cryo-section ( distal region of the
regenerate) through a 30 day post-implantation limb regenerate displaying cells which
have undergone metaplasia to form cartilage (Dil positive cells in cartilage are
indicated by arrow in C). E-F) Cryo-section (proximal region of the regenerate)
through the same 30 day limb regenerate. The cells also take part in the process by
forming differentiated muscle (arrows). A-B, XlO; C-F, X25.
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Figure 7. Implantation of transformed cells into regenerating limbs. A) Bright field
image of a cryo-section through a 30 day limb regenerate. Cartilage structure ( c) is
apparent in the regenerate. B) Fluorescent image of same cryo-section depicting the
identification of Oil positive cells in cartilage and more distal regions of the
regenerate. X25
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APPENDIX

Reprint of ''Variable manifestations in the Short Toes (s) mutation of the axolotl"
published in the Journal of Morphology, 218:107-114, 1993.
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ABSTRACT We describe a detailed histological analysis of the affected organs in the Short toes (s) mutation of the Mexican axolotl, Ambystoma
mexicanum. The s mutant animals displayed a variation in the response to the
mutation such as the time of death and the degree of abnormalities of the
affected organs (limbs, kidneys, ducts, and reproductive structures). In addition to the numerous histological abnormalities characterized here, we also
examined the presence oflaminin-related molecules ins mutant kidney tissues
to elucidate further the nature of the renal aplasia these animals encounter as a
result of this recessive lethal mutation. Our data suggest that there may be a
disruption in tissue interactions necessary for proper development and functioning of the affected tissues. © 1993 Wiley-Liss, Inc.
Among amphibians, a few natural mutants
are known, and transgenic models have yet
to be established. In one urodele, the Mexican axolotl, naturally occurring developmental mutants have already been identified and
briefly characterized (for review, see Armstrong and Malacinski, '89). One of these
mutants, called Short toes, was first described by Humphrey ('67). He characterized
these animals as having skeletal (limb) and
urogenital (kidney and Miillerian duct) abnormalities, the latter causing the lethality of
the trait (see also Egar and Jarial, '91). In
our previous studies (Del Rio-Tsonis et al.,
'92; Tsonis et al., '93) employing 6-monthold animals, we noticed other interesting
characteristics in the Short toes mutation.
These animals not only display the abnormal
development of their forelimbs and hindlimbs (Humphrey, '67; Martin and Signoret,
'68), but they also lack the ability to regenerate both fore- and hindlimbs, while tail regeneration is normal (Del Rio-Tsonis et al., '92).
In similar studies it has been seen that
younger s mutants show some regeneration
(Mescher, '92). Within the developmental abnormalities, we also noted a variability in the
severity of this recessive lethal trait among
the s mutants. This variability encompasses
the presence/ absence of urogenital struc-
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tures and the severity of the renal aplasia as
well as that of the missing skeletal elements
in the developing limbs. In this paper, we
present a detailed analysis of the affected
organs ins mutants. Furthermore, our previous work with the regenerating limb indicated an abnormal formation of the basement membrane, so we decided to examine
the expression of laminin, a major component of basement membranes in kidneys (Sorokin and Ekblom, '92).
MATERIALS AND METHODS

Animals
Sibling animals (five s mutants and five
controls; 10 cm and 18 cm, respectively) were
obtained from the Indiana University Axolotl
Colony, where they are routinely produced
from heterozygous crosses, and were maintained in isolated containers at room temperature in a 20% Holtfreter's solution. All developed limbs for each animal were removed,
fixed in Bouin's fixative, processed for staining with Victoria blue B, and then photographed. Animals were sacrificed later (3-4
months), when excessive swelling, loss of appetite, and deterioration of gills were evident.
A control sibling of the same sex was sacrificed at the same time as each of the s mutants.
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Histology and immunostaining
The kidneys and reproductive organs, both
of which develop in symmetrical pairs, were
excised, and one was fixed in Bouin's fixative
for paraffin processing, while the other was
fixed in 4% paraformaldehyde and frozen in
OCT compound for cryosectioning. Serial longitudinal or cross sections (8 µm) were cut
for frozen and paraffin-embedded tissues.
Representative paraffin tissue sections were
then stained with one of the following: Gomori's trichrome, periodic acid Schiff-orange G
(PAS-O), or hematoxylin and eosin for histological observations. For immunohistochemical staining, paraffin-embedded tissues were
deparaffinized in xylene and hydrated to 1 x
PBS via a graded ethanol series. At this point
the frozen and paraffin tissues were treated
the same. Slides were preincubated with PBSNGS (1 x PBS; 5% normal goat serum) and
then incubated for 1 hr at 37°C with the
primary polyclonal antibody (1:50 dilution;
generous gift of Dr. Eva Engvall), which was
directed against the whole molecule of laminin (reference for antibody: see Engvall et
al., '83). Subsequently, the sections were
washed thrice in 1 x PBS and then incubated
with the secondary antibody (FITC-conjugat-

ed antirabbit lgG) for 1 hour at 37°C. Finally,
the samples were rinsed thrice in 1 x PBS,
mounted in 90% glycerol in PBS, and observed with fluorescence microscopy.
RESULTS

Morphology and histology of afflicted tissues
Limbs
Five different s mutants showed diversity
in the extent of the abnormalities, while each
of the four limbs per animal was similarly
affected. This is depicted in Figure lA-F
where representative s mutant limbs were
stained with Victoria blue B and compared to
the control limb. The apparent loss of structures is limited not only to the digits/phalanges (Fig. lC-F) but also to the short bones
(i.e., radius-ulna, tibia-fibula). Fusion of carpals/metacarpals and tarsals/metatarsals wa~
apparent in s mutant animals and absent in
all 20 control limbs examined from five individuals.
Kidneys
Overall, the mutant kidneys were much
smaller in size compared to the controls; the
smallest kidneys came from the most afflicted animal, which also displayed the most

A

C

D

Fig. 1. Ambystoma mexicanum. Morphological analysis of limb development in the short toes and control
axolotls using Victoria blue B staining. A: Six month
control axolotl hindlimb displaying proper formation of
the phalanges (p), the tarsals (t), and metatarsals (m).
B-F: Representative s mutant limbs removed at 6
months. Notice the appearance of the least affected s

E

F

mutant (B) displaying reductions in the number of meta
tarsals and length of the phalanges. C-F: Variation ir
the severity of the limb mutation among the remainini
animals. In each of the limbs the tarsals/metatarsals an
absent and the size and number of the phalanges ii
greatly reduced as well as the overall number of toes. x 4

Fig. 2. Ambystoma mexicanu m . Sections through the
short toes and control axolotl kidn eys. A: Control kidney
section depicting t he detailed structure of the glomeruli
(g) an d t ubules ( t ). B: Slightly affected mutant axolotl
kidney, in which there were more function a l glomeruli
present compared to the other mutants. C: A severely

affl icted axol otl. which had no functional glomeruli present and a high occurrence of cysts (cl in the tissue. These
kidneys were much smaller than those of the controls.
Arrowheads in b a nd c indicate accumulation of blood
cells. All sections stained wit h Gomori's trichrome . x 20
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deformed limbs. The kidneys of the least
affected s mutants were almost normal in
appearance, only slightly smaller in size, and
similarly the limbs were the least deformed.
When the kidneys were sectioned for histology, there was an apparent structural breakdown of the glomeruli in the kidneys of the
severely affected mutants. There were very
few functional glomeruli present compared
to the control animals (Fig. 2A). In Figure
2B, this animal was slightly affected and displayed many large functional glomeruli
within the kidneys. One severely afflicted
animal displayed an extreme case of deterioration in the kidneys in which there were no
structurally normal glomeruli present, leaving a cystic appearance to the kidney tissue
(Fig. 2C). Although the kidneys of the s mutant animals retained proximal and distal
convoluted tubules and collecting ducts, there

was an overall disorganization of the kidne)
tissue, most notably of the tubules and duct1
in relation to the glomeruli. Strong inflamma
tion was apparent in the tissue along wiH
the accumulation of blood cells.
Reproductive organs
The ducts (both male and female) wen
structurally distorted in the s mutants whilE
the control ducts were normal (Fig. 3A,C)
The mutants displayed a wide variation in
structure, which ranged from the lack oJ
ducts to severely dysfunctional abnormalities (Fig. 3B,D). Figure 3B depicts the malE
Wolffian ducts of an s mutant, which wen
much smaller in size compared to control
Wolffian ducts. Deterioration of the columnar mesothelial cells and a compacted appearance of the vascular areas were apparent.
The Miillerian ducts from ans mutant wen

Fig. 3. Ambystoma mexicanum. Cross sections of representative reproductive ducts from control ands mutant
axolotls. A: Control Wolffian ducts, displaying the characteristic columnar mesothelial cells (cm), which form an
interior border. B: Mutant Wolffian ducts showing a
breakdown in the vascular structure and the deteriora-

tion of the columnar mesothelial cells (cm). C: Female
control Miillerian ducts with normal structure, while the
mutant female (D) depicts a severe breakdown of the
vascular structure as well as loss of the columnar mesothelial cells (arrowheads) that line the lumen of the
ducts .

VARIABLE MANIFESTATIONS IN AXOLOTLS MUTATION

,maller and had a thread-like appearance.
Within the lumen of the Miillerian ducts,
;here was a marked breakdown of the overall
,tructure such that the ciliated columnar
~pithelial cells that line the lumen were ab,ent (Fig. 3D). Control Miillerian ducts were
normal, as depicted in Figure 3C.
The ovaries and testes were immature in
the s mutants. Mutant testes were histologically normal, with no gross aberrations present (not shown) . The s mutant ovaries developed to approximately tage II oocytes (staged
ccording o Hau en and Riebesell, '91), and
they were a bnorm a l compared to control oocytes at similar stages. The rnutan oocyte
were polycystic, as d picted in Figure 4A,B.
This polycystic ph notype wa displayed in
all the females muLant examio d and in no
oocytes of the control siblings.

Laminin expression in s mutant kidneys
Kidney tissue consists of basement membrane containing structures and has been
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found to express developmentally regulated
laminin (Ekblom et al., '90). Since the s mutants displayed apparent renal aplasia, and
since in our previous work we found abnormalities in the basement membrane of the
regenerating limb (Del Rio-Tsonis et al., '92),
we examined the expression of laminin as a
first step towards a biochemical marker. As
was noted previously, the kidneys of the s
mutants were in disarray; however, the structural integrity of the tubules present within
the afflicted tissue remained intact for s mutants. Within the proximal and distal convoluted tubules, noteworthy structures include
the inner brush border in proximal convoluted tubules and the outer membrane propria. As can be seen in Figure 5A,D, the
control kidneys expressed laminin-related
molecules in a regular manner in the proximal and distal convoluted tubules, in the
membrane propria, and in the inner periphery (depending on fixation). In tissues fixed
for paraflin sectioning, laminin expression
wa confined to the inner periphery of the
tubules (Fig. 5A), whereas, in the frozen PFAfixed tissues (Fig. 5D), laminin was detected
in both the inner periphery and the membrane propria. However, in the mutants
(Fig. 58,E ). laminin was virtually ab ent r gard.le of fixation. A background yellow color
was always present in mutant kidneys but
it is not a sign of a positive reaction.
DISCUSSION

Fig. 4. Amby stoma mexicanum. Sections through control and mutant ovaries stained with Gomori's trichrome. A: Control stage IV ovaries, displaying normal
structure. B: Mutant ovaries, with the apparent cyst-like
structures (cl present. Almost all developing oocytes
within the ovaries of the s mutants had this polycystic
appearance. x 25.

Variability of the s mutation in different
individuals
The limbs of the s mutants developed abnormally and failed to regenerate (Del RioTsonis et al. , '92) . In addition to these, we
observed other abnormal features: 1) severe
renal aplasia indicat d by excessive inflammation disorganization and presence of cysts in
the kidneys, 2) tructural breakdown of Lhe
Miillerian duct. W male) and Wolffian ducts
(male), 3) polycystic nature of the developing
oocytes, and 4) lack of expression oflamininrelated molecules in the kidneys.
In view of these results, the common abnormality seems to be a disturbance in tissue
interactions. This was observed in the Miillerian ducts and Wolffian ducts, where the
columnar mesothelial cells were disrupted
(Fig. 3), and may also be the reason for the
disorganization of the kidney tissue and the
limb blastema (epithelia-mesenchyme interactions; Del Rio-Tsonis et al., '92). The presence of cysts in the kidneys and in the developing oocytes was also prominent. The cysts

Fig. 5. Ambystoma mexicanum. Laminin-related expression in control and mutant axolotl kidney sections
Immunostain.ing using paraffin sections: wild-type (A),
mutant (B), negative control-mutant (C) Note that in
paraffin wild-type sections staining occurred only in the
inner periphery of the tubules Iarrowheads). PFA fixed
frozen sections: wild-type (D), mutant (E). Staining can
be seen in the inner periphery and also in the outside

membrane (membrane propria) depicted by the arrowheads. In the mutant, no apparent staining in the membrane propria was observed, while slight expression can
be seen in the inner membrane. Negative controls for
wild-type frozen sections displayed no specific staining,
while the structural integrity of the tubules in both
wild-type and s mutant frozen sections was intact when
stained with hematoxylin and eosin and observed. x 100.

VARIABLE MANIFESTATIONS IN AXOLOTLS MUTATION

of the kidney resemble in structure cysts that
have been observed in kidney diseases, such
the autosomal dominant polycystic disease
(ADPD) (Grantham et al., '87). Epithelial
cells have been thought to play a central role
in the etiology of ADPD (Grantham et al.,
'87; Hartman, '89). Therefore, disturbance
of tissue interactions might be involved in
the cysts observed in the s mutants.
These animals displayed a widespread variation in phenotypic response to the mutation. This was first noted in the developing
limbs, which varied from lhe los, of only
phalanges lo th lo· of carpal. / Larals and
even some of the short bones (see Fig. 1). The
severity of the renal aplasia likewise was
variable. Animals with the best limb development had the least severe kidney abnormality and contained more functional glomeruli
and ducts (Fig. 2B), while those with the
most limb abnormality had the most affected
kidneys with few fun lional glomcruli and a
higher incidence of cysts (Fig. 2C ). The time
of death also is correlated w:ilh Lhe degr e of
abnormalities; the most afflicted died first
(8.5 months of age) , and the least afflicted
died last (11 months of age). The variable
manifestations we observed may be the result of a dosage effect of the s gene product,
but this is yet to be studied.

Expression of laminin-related molecules
The kidneys of the axolotl are large, possessing functional units, the nephrons. Kidney tissue is surrounded by basement membrane containing structures such as the
glomeruli along with their associated tubules
and ducts. Molecules such as laminin, collagen IV, and heparin sulfate proteoglycan are
key components of these basement membranes (Gulati et al., '83). The loss of one of
these key molecules may cause severe alterations depending on the role it plays in the
kidn y. In the amphibian kidne , the majority of the water reabsorption occurs in th
proximal convoluted tubu les (Deyrup '641.
W ob erved laminin-related molecules in
both the proximal and distal convoluted tubules in control animals, while expression in
the mutants was mostly absent in all tubules,
indicating severe down-regulation or absence
of a particular laminin isoform. Many laminin isoform exisl; however, within the kidney, a certain isoform consisting of Bl, B2,
and A chains is expressed mainly in the developing epithelial cells, while other isoforms
that lack the A chain are expressed in some of
the adult kidney basement membranes, espe-

113

cially of the glomeruli (Ekblom et al., '90;
Sorokin and Ekblom, '92). Epithelia of the
proximal tubules in adult kidney have been
found to retain the A chain epitope in the
basement membrane (Ekblom et al., '90) .
Alternatively ma king of an epitope in the s
mutanL is possible. Laminin-related mol ecules may aid in the reab. orption of water in
a regulatory manner such that the lack of
laminin (or more so a specific chain) may
result in the inability to control the reabsorption of water in the tubules. Absence oflaminin-related expression seems to be a good
molecular marker for this diseased tissue.
The gen (s) respon ible for the s mutation
may be regulat d early in the d velopmental
proce sin a particular cell Iin ag (me odermall that gi e rise to urogenital and limb
tructures. A similar example is the limb
deformity (ld) gene in mouse identified
through transgene insertion of the c-myc protooncogene (Woychik et al., '85, '90). This
mammalian mutation also has the characteristic renal aplasia, and the limb develop abnormally. lnt restingly, the apical ectodermal ridge formation is not normal in Id
mutants (Zeller et al .. '89!. The po sibility
that the short toes mutation is the amphibian counterpart of the mammalian ld mutation requires an amphibian candidate gene
for comparison . tudie on the identification
of possible candidate gene(:;) are currently
und rway, and Lhe e may enable u to iden ti1y th preci e developmental stage at which
th s gene elicits it control ov r the developmental processes pertaining to the formation
of the aforementioned structures, allowing a
complete understanding of the effects of this
mutation.
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